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Received by e-mailfrom Tom Kevern.

The latest version of the ROAAM methodology was provided as an attachment to the response to
RAI 19.2-5. Although the list of peer reviewers is identified in the response, this version of the
ROAAM report still does not have the Peer Review results requested in the original RAI (19.0.0-
1). These results would pertain to the assessment of direct containment heating, ex-vessel steam
explosions, and core debris-concrete interactions for ESBWR. The experts'reports and authors'
responses are essential to establishing the failure probability values assigned for these
phenomena. Please provide these reports and responses.

GE Response

See response to RAI 19.2.25, Supplement I below.

DCD Impact

No DCD changes will be made in response to this RAI.

No changes to NEDO-33201 will be made in response to this RAI.
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NRC RAI 19.2-5 Supplement 1

Received by e-mail from Tom Kevern.

The latest version of the ROAAM methodology was provided as an attachment to the response to
RAI 19.2-5. Although the list of peer reviewers is identified in the response, this version of the
ROAAM report still does not have the Peer Review results requested in the original RAI (19.0.0-
1). These results would pertain to the assessment of direct containment heating, ex-vessel steam
explosions, and core debris-concrete interactions for ESBWR. The experts' reports and authors'
responses are essential to establishing the failure probability values assigned for these
phenomena. Please provide these reports and responses.

GE Response

The attached files contain the results of the ROAAM Peer Review. As indicated on the cover
page of the attachment, these comments and responses to the comments are part of the ROAAM
report for ESBWR.

The review addendum has nine subsections. Each one contains the comments from an individual
reviewer and author's response to those comments. There are also three appendices that were
referenced in the course of the review. These are also attached as part of this RAI response.

DCD Impact

No DCD changes will be made in response to this RAI.

No changes to NEDO-33201 will be made in response to this RAI.
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Addendum

Independent Review Reports and Author Responses

This Addendum contains the record of the ROAAM-Review of this report:

Subsection A. 1
Subsection A.2
Subsection A.3
Subsection A.3
Subsection A.5
Subsection A.6
Subsection A.7
Subsection A.8
Subsection A.9

Dr. Hans Fauske
Dr. Manfred Fischer
Prof. Peter Griffith
Dr. Robert Henry
Dr. Fred Moody
Dr. Joe Rashid
Dr. Masaki Saito
Dr. Harry Tuomisto
Dr. Brian Turland

Appendix 1. "DYNA3D Finite Element Analysis of Steam Explosion Loads on a
Pedestal Wall Design", by Charles R. Noble, UCRL-TR-227386, January 22, 2007.

Appendix 2. "Summary of Ex-Vessel Steam Explosion Analysis", by Joe Rashid,
ANATECH Corporation report, January 2007.

Appendix 3. "Impact of High Velocity Objects into Concrete Structures - Methodology
and Application", by R. J. James, L. Zhang and Y. R. Rashid, Draft Paper, ANATECH
Corporation report, January 2007

Each subsection consists of two parts. One is the as-received review comments. The
other is the author's responses, which depending on the need can vary from just a short
statement of agreement, to an embedded iteration with a reviewer. The sections are
ordered with the responses and exchanges first and the as-received comments follow.

A sample letter by GE to the reviewers can be found in the next two pages.
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July 17, 2006

Dr. Harri Tuomisto
Thermal Hydraulics and Nuclear Safety
IVO International Ltd
SF-01019 IVO
Finland

Subject: ROAAM-Review of "Severe Accident Management in Support of

the ESBWR Design Certification" by Theofanous and Dihn

Dear Dr. Tuomisto:

Thank you for agreeing to participate in subject review. For an initial
appreciation of the scope of the work and the technical areas involved, please
see attached the Executive Summary, the Table of Contents, the two
introductory/overview Chapters A and B, and the concluding Chapter 4, of the
report. Also we attach the list of references for all chapters- we would be
pleased to provide you with hard or electronic copies of any of these
references upon request.

The purpose of this document is to put forth and demonstrate a severe
accident management concept that is consistent with the high expectations
(GE's, NRC's, and the pubtic's) on the safety of this new passive plant design.
The intent of this review is to assess whether this purpose has been achieved to
a sufficient degree for the results to be usable in the regulatory/licensing
arena.

In your review, please feet free to address any or all of the technical areas
relevant to the report - the ROAAM-Review panel has been composed so that
adequate coverage will be provided naturally as a result of the principal areas
of expertise of those involved. You are advised that your (signed) review will
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July xx, 2006
become an integral part of the report, and thus it will be open to whatever use
we make of this report, including its submittal to the US NRC.

We would Like to complete the review by early November, if possible. To this
end we envision the following approximate schedule:

1. Transmittal of Chapters 1, 2, and 3 to the reviewers by August 3, 2006
2. Receipt of reviewer letters indicating topics to be

covered and level of effort (hours, $$) requested by August 10, 2006
3. Receipt of reviewer reports by September 10, 2006
4. Transmittal of author's responses by September 25, 2006
5. Receipt of reviewer's remaining concerns if any,

and determination of the need for a panel meeting by October 10, 2006

At the completion of the work your invoice should be sent to me, along with
some documentation verifying your rate, as required by GE business practices.
To simplify contractual matters, payment will be issued, upon my request, by
Theofanous E Co, Inc.

Please let me know if you have any questions on any of the procedural matters
described above, or any others. Also, during the course of your review, please
feel free to contact me if you need any clarifications on technical matters. We
will help in this regard as coordinators of this independent review effort.

Thank you again for your cooperation and willingness to participate.

Sincerely,

Dr. Siddharth Bhatt (Sid)
ESBWR Engineering
GE Nuclear Energy

Attachments:
Files; Table of Contents and Executive Summary.pdf,

Chapter A Finat.pdf,
Chapter B FinaL.pdf, and
Chapter 4 ROAAM Finat.pdf

cc: eDRF-0000-0045-4155: ESBWR Severe Accident Treatment Report



Al. Author's response to Dr. Fauske's Comments

We appreciate very much the additional analysis supporting our conclusions. It will be
very useful in the BiMAC experimental program soon to commence.



Fauske & Associates, LLC

DATE: August 8, 2006

TO: Sid Bhatt
Theo Theofanous

FROM: Hans K. Fauske ,

SUBJECT: ROAAM - Review of "Severe Accident Management in Support of the
ESBWR Design Certification" by Theofanous and Dinh

As agreed to my assessment of Ex-Vessel Steam Explosions and Two-Phase Natural

Circulation Heat Removal in the BiMAC are provided below. Given the adopted approach to

ESBWR severe accident management I believe ex-vessel steam explosions pose negligible threat

to the BiMAC concept and containment, and that the BiMAC piping arrangement based upon my

independent assessment of two-phase natural circulation suggests a heat removal capability well

in excess of the requirement specified by Theofanous and Dinh.

1.0 Assessment of Ex-Vessel Steam Explosions

Given the CDF of 10-8 and that a deeply flooded LDW with subcooled water reflects less

than 1% of the CDF, I consider that BiMAC and containment failure due to a postulated

energetic steam explosion under such conditions is not risk significant.

Furthermore, for the more likely cases of shallow saturated water pools formed in the

LDW, I agree based on my experience, studying the physics of vapor explosion* and its

application to severe accident assessment for different reactor types, that molten reactor material

- saturated water premixtures "become highly voided and thus unable to support the escalation of

Henry, R. E. and Fauske, H. K., 1981, "Required Initial Conditions for Energetic Steam Explosion," ASMIE HTD,
V. 19, pp. 99-108, 1981.

16W070 West 83rd Street • Burr Ridge, Illinois 60527 ° (630) 323-8750
Telefax: (630) 986-5481 - E-mail: FAI@Fauske.com
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natural triggers to thermal detonations" as stated by Theofanous and Dinh. Under such

conditions I believe the threat from ex-vessel steam explosion to the integrity of the reactor

pedestal and BiMAC is negligible, and that the resulting energetic steam explosion interactions

that are calculated by Theofanous and Dinh are a conservative assessment of what could occur in

the containment under severe accident conditions.

2.0 Assessment of Two-Phase Natural Circulation Heat Removal in the BiMAC

The key centerpiece of the "Severe Accident Management in Support of the ESBWR

Design Certification" is the introduction of the Basemat-Internal Melt Arrest and Coolability

(BiMAC) device. The performance of this device is critically dependent upon adequate two-

phase natural circulation heat removal through its pipes. Rather than providing a detailed review

of the assessment provided by Theofanous and Dinh, an independent assessment is provided

below.

As discussed by Theofanous and Dinh, the assessment of the heat removal capability

provided by two-phase natural circulation flows needs to account for the possibility of flow

instabilities. As discussed by Ishii and Fauske [1], for large inlet subcooling values at low and

moderate pressures, the existence of flow excursions can have a significant impact on the

ultimate heat removal limit. This is in contrast to saturated inlet conditions (of primary interest

to the BiMAC operation) where flow excursions are largely absent and the heat removal limit

can be estimated by letting the exit quality approach a value of one. For these conditions and

pipe geometry, considering homogeneous two-phase equilibrium flow conditions, the upper

limiting heat flux, q (w m2 ) can be estimated from [2]

D 3g AP )1/
q = D• k ,), (1)

~4Ly1 + f(L / D)eq. +K

where D (m) is the pipe diameter, L (m) is the length of the pipe, X (J kg-1) is the latent heat of

evaporation, pg (kg m-3) is the vapor density, f is the friction factor, (L/D)eq. is the equivalent
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pipe length-to-diameter ratio, K is pipe exit loss coefficient, and AP (Pa) is the available pressure

drop for two-phase natural circulation flow.

For vertical tube geometry, AP = g pe L resulting in

X Pggp 1 L 11/2

q=4L L+f L/D+K
(2)

where g (m s-2) is the gravitational constant, and pe (kg m-3) is the liquid density. Predictions

from Eq. 2 are compared in Figure 1 to measured critical heat fluxes during natural circulation

boiling in vertical uniformly heated tubes submerged in saturated water obtained by Monde and

Yamaji [3].
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Figure 1. Comparison of predicted and measured critical heat fluxes in a vertical cylindrical tube.

Excellent agreement with the simple theory is also obtained with the channel data

reported by Fujita and Uchida [4]. Various orientations of the channels submerged in a pool of

saturated water at 1 atm are illustrated in Figure 2, which are of special interest to the BiMAC



-4-

concept with its slightly inclined riser pipes. For the channels with only one side heated, the

limiting heat flux is given by

Spý,g p, sinO1/
L L +f L/DJ

(3)

where s (m) is the channel gap and 0 is the inclination angle (see Figure 3). Comparison

between measured and predicted heat fluxes is shown in Figure 3. The effects of gap thickness,

as well as the inclination angle, appear to be well represented.

0=5,30 O=150*,175"

upwards downwards

ORIENTATION OF NARROW SPACE

Figure 2. Illustration of narrow channels heated on one side with saturated inlet conditions.
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Figure 3. Comparison of predicted and measured critical heat fluxes for narrow channels.

With the above observations, Eq. 1 is applied to the BiMAC in the following form

q 1fD XDqpggpt(LrsinO+Hr) 1/2 (4)q4 (Lr +{ Hr) 'L + f (L--Deq. + K I 4

where D (0.1 m) is the BiMAC pipe diameter, Lr (5 m) is the riser length, Hr (0.83 m) is the

height of the vertical section of the riser, 0 (100) is the rise pipe inclination angle, and (L/D)eq. (-

100) is the equivalent length-to-diameter ratio taking into account the transition from the inclined

riser to the vertical section of the riser. Considering conservatively atmospheric pressure

conditions suggests the following upper uniform heat flux limitation

0.1 0

4(5 + 0.83) 2.2 x 106 0.6 x 9.8 x 950 (5 x sin 10° + 0.83) 1/2

1 + 0.005 x 100 + 1

=5.8x 10' wm-2 or 580KWM-2
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It is noted that the above estimate is well in excess of the heat removal required by the BiMAC

piping arrangement proposed by Theofanous and Dinh (of the order of 100 kw m 2).

Furthermore, the BiMAC riser mass flux, G (kg m-2 s-1), for the above condition is given by

G Pg g p, (L, sine0 + H,) 11/2
G I + f(L / D)eq.+K J

[0.6 x 9.8 x 950 (5 x sin 100 + 0.83)2 (5)

1 + 0.005 x 106+1 +

=62 kg m- 2 s-1

Considering the resulting low value of the riser mass flux,* clearly justifies ignoring

frictional losses due to the required downcomer flow, i.e., the entire gravitational liquid head is

available to drive the two-phase natural circulation riser flow, which is the basis for the above

assessment. Furthermore, this indicates that the BiMAC downcomer flow areas needed to

supply the riser flows are rather modest as also concluded by Theofanous and Dinh.

Finally, for completeness the proposed safe lower or minimum bound estimate of the

coolability Qmin (w) for conditions where flow excursions can take place (large inlet subcoolings)

is noted [5]

A2 c Tsat p g p gLQ~n =A I (6)
[+f(L/D)q. +K

where A (mi2 ) is the coolant cross-sectional area, c (J kg-1 K1 ) is the liquid specific heat and Tsat

(°C) is the liquid saturation temperature. Predictions from Eq. 6 are compared to loss-of-flow

simulation data obtained by Fighetti and Cheh [6,7] in Figure 4, demonstrating the validity of the

Note that this value is much lower than the values suggested by Theofanous and Dinh (of the order of 1000 kg m-2

S') due to the riser void fraction being limited to about 70 to 80%.
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proposed safe two-phase natural circulation cooling limit for conditions inducive to flow

excursions. In terms of BiMAC geometrical conditions, Eq. 6 leads to

D 2 X c Tsat p, g P, (Lr sin 0 + Hrj.

q 4 (L + Hr 1+ f(L/D)eq. + K .

5.1 2.2 x 106 [2 x 2.2 x 106 x 4300 x 100x 0.6 x 9.8 x 950 (5 x sin 10C + 0.83)]

5(5+0.83) L1 + 0.005 x 100 + ]
-3.8 x 10' w M 2 or 380 Kw M-

(7)

which again is in excess of the BiMAC heat removal requirement proposed by Theofanous and

Dinh. Again it is noted that high subcooling conditions are not likely to exist for the BiMAC

operating conditions.
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Figure 4. Comparison of the lower or safe heat removal limit with data obtained by Fighetti and
Cheh [6,7] with vertical tubes (D - 15 mm and L/D - 160) and an inlet water temperature of
500C.
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A2. Author's Response to Mr. Fischer's Comments

Author's responses are given in bold, italic red. Dr. Fischer's additional comments are
given in blue.

The key point of this review concerns a proposed scenario involving the creation of a
large scale, heat-producing, heavy-metal (with dissolved Uranium) layer on top of the
BiOMAC and below a large-scale oxidic pool, the retention of this layer by the ceramic
material (that is placed on top of the BiMAC for protection during the first relocation
following vessel breach) until it becomes highly superheated, and then sudden removal
(or dissolution) of the ceramic leading to rapid contact of the highly superheated
metallic melt with the BiMAC pipes.

Despite the fact that my review was focused on the described scenario, the concern
equally applies to any other situation in which a metallic layer (not necessarily a large
and decay-heated one) is located between the thermally insulating zirconia at the
bottom and the heated oxide on top. Such configuration can also result from the
addition of low-density sacrificial material to the oxidic melt (incl. zirconia).

The point that such a scenario must be considered in the detailed design, unless it can
be specifically excluded, is well taken. Already in the report we presented the ideas that
both sacrificial layer and steel structures will be used for optimizing BiMAC protection
both from impact loads resulting from potential solids impacts (upon vessel failure), as
well as from thermal loads in both the short transient during relocation and in the long
run. In particular, and in relation to the concern discussed here, we have the flexibility
of using various concrete materials both above and below the Zirconia, or even
eliminating/substituting for the ceramic altogether, so as to eliminate this concern for
physically reasonable ranges of potential parameters of such a scenario. Moreover it
should be noted that the nature of the basic design of BiMAC affords considerable
flexibility on the types and quantities of materials usable for this purpose as protection
on top of the steel pipes. Further flexibility we believe will be derived from the BiMAC
tests expected to show equal amount of burnout protection at lower inclinations (as this
reviewer suggests) which would then free up more space for sacrificial material of a
heat absorbing type (during decomposition) so as to further enhance protection against
this kind of scenario.

Responses to the clarification questions are provided below.

The assessment of the function of the BiMAC in [1]-Chap.3.4.3 does, among others,
consider a full-inventory pool. It is not clear if this assumption is made only to obtain
bounding heat fluxes for the BiMAC (which would be a justified procedure) or if a high
inventory pool is also considered deterministically, as a relevant in-vessel situation.

As discussed in page 1.48 this assumption was made as a way to obtaining bounding
heat fluxes for the BiMAC, and that the release in ESBWR would be from a local
penetration failure.



An issue to look at in the detailed design would be the sufficient resistance of the BiMAC
water steam in-/outlets channels against droplet and melt entry, as a consequence of
pressure-driven melt release from the RPV (DCH) and steam explosion (EVE), as
wellthe potential plugging effect of steel structure (steel interception plate, steel lid,
CRDplatform) deformed as a result of those events. A simple vertically open outlet
asindicated in [1]-Fig. 1.2.5 does not seem appropriate.

Yes, this is appreciated as a key aspect of the detailed design.

Finally, we wish to express our appreciation for the various other (other than that
related to the above noted concern) analyses and points presented in this Review that
further support and clarify aspects of our results and conclusions.



Manfred Fischer
AREVA NP GmbH
Dept. NEPR-G
Freyeslebenstr. 1
91058 Erlangen
Germany

tel/fax. +49-9131-18-92577/94236
email: manfred.fischer•,areva.com

Erlangen, 20.09.2006

Contribution to the:

ROAAM-Review of

"Severe Accident in Support of the ESBWR

Design Certification"

prepared by

Dr. Theo Theofanous and Dr. Truc-Nam Dinh

for General Electric Company
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I Introduction
The preventive implementation of severe accident counter-measures into the design of
the nuclear plant is part of most current Gen3+ developmental activities. The ultimate
target is to further reduce the LERF-value even though the CDF-value is already very
small. In a balanced approach, these countermeasures include provisions to prevent
both early and late containment failure.

Subject of the performed review were the ESBWR design measures against late
containment failure. To prevent basemat melt-through the ESBWR includes a passively
cooled crucible-type core catcher, called BiMAC, which is implemented in the cavity
underneath the reactor pressure vessel (RPV).

The performance of the BiMAC was evaluated by the reviewer under the conditions
contained in the ROAMM-document [1], using some additional data and assumptions,
documented in §2.

The response of the BiMAC to several conditions was discussed under an exclusively
deterministic view, regardless of their probabilistic relevance or irrelevance in the context
of the probabilistic framework of the ESBWR.

2 General assumptions

2.1 Vessel failure and initial melt release

The assessment of the function of the BiMAC in [1]-Chap.3.4.3 does, among others,
consider a full-inventory pool. It is not clear if this assumption was made only to obtain
bounding heat fluxes for the BiMAC (which would be a justified procedure) or if a high-
inventory pool is also considered deterministically, as a relevant in-vessel situation.

In the latter case, a wider spectrum of conditions of RPV failure and melt release would
need to be addressed. If a high-inventory in-vessel molten pool is not considered, a
justification for its exclusion should be added. In the absence of such justification the
presence of a large molten pool (e.g. atop a thick oxidic crust in the lower head that
provides sufficient protecting for the penetrations) is considered as a possible scenario
in this review.

The associated consequences of a large pool include: (i) the detachment of (a major part
of) the lower head as a result of either creep or circumferential break/melt-through, as
well as (ii) the formation of a metal layer atop the oxide pool. The formation of a metallic
(steel) melt of high mass is anyway considered in [1] Tab. 3.4.3.1.

Under the stated conditions of a degree of zirconium oxidation of only -30% the
presence of a molten in-vessel steel pool can further result in the formation of a high-
density metallic (U-Zr-Fe-O)-type melt, which accumulates atop the oxidic crust at the
bottom and which could be released with the molten oxidic pool during vessel failure.
Related phenomena are addressed in the OECD-MASCA and ISTC-METCOR projects.



2.2 Materials and properties

Corium melt

According to Fig. 1 the expected value of the liquidus temperature of C30-corium
(degree of Zr-oxidation: 30 wt%) is about 2700 K.

3113 K

(U, Zr) O..

E)
E
a)-

Zro 7 O0 .3

0.0 0.2 0.4 0.6 0.8

Atomic fraction Uo. 33 0 0 .07

1.0
UO. 3300.57

Figure 1 Pseudo-binary phase diagram for the ZrOo.3 - U0 2 system, according to
SCDAP/RELAP material handbook. The composition defined in §2 with 30%
Zr oxidation corresponds to an atomic Uo. 3300.67-fraction of -0.43. The tie-
lines reach out of the plane.

Zirconia

Naturally occurring zirconia (Baddeleyit, monoclinic, density 5600 kg/M 3) is not directly
applicable as it undergoes a phase change between 10000C and 1150°C and forms
tetragonal ZrO 2 with a density of 6100 kg/M 3, which - above 23500C - changes into cubic



ZrO2 with a density of 6270 kg/m 3 and a melting point of 2715°C. On heating and
cooling, the large density difference between tetragonal and monoclinic ZrO2 can lead to
crack formation.

Therefore, the cubic modification is generally stabilized by addition of either CaO, MgO
or Y20 3, which form cubic mixed crystals with ZrO 2.

For the use in technological parts, this partially stabilized ZrO 2 is ground and sintered
into ceramics to obtain a high fracture toughness and thermal shock resistance. The
porosity and grain distribution of the sinter powder must be chosen to fit the intended
application.

The value of the density of zirconia of 6100 kg/M 3, as given in [1], is considered too high
for an industrial ceramic that would be applicable in the BiMAC.

Therefore, in the analysis in §4, the following material property data for a typical ceramic
were used: 1.5 W/mK; Cp: 620 J/kg/K; density: 4400 kg/m 3.

3 Loads on the BiMAC during RPV failure

3.1 Melt jet

Based on our experimental and analytical experience the given argumentation that the
zirconia layer would be sufficiently resistive against oxidic/metallic jets can be confirmed.
Only minor erosion/abrasion must be expected, because the impact time is rather short
and because the formation of temporary oxidic crusts is evident. In addition, also the
large spatial distance between the release location and the BiMAC surface does favor
the formation of a non-coherent stream.

An issue to look at in the detailed design would be the sufficient resistance of the BiMAC
water steam in-/outlets channels against droplet and melt entry, as a consequence of
pressure-driven melt release from the RPV (DCH) and steam explosion (EVE), as well
the potential plugging effect of steel structure (steel interception plate, steel lid, CRD
platform) deformed as a result of those events. A simple vertically open outlet as
indicated in [1]-Fig.1.2.5 does not seem appropriate.

3.2 Mechanical impact

The argumentation given in [1]-Chap.1.4 to justify that melt and steam jets can not lead
to critical mechanical forces is reasonable.

Instead, high impact loads on the BiMAC structure could result only from a postulated
detachment of the lower head (see §2). In this case the forces at the impact location will
become very high. Zirconia ceramic - though having a high compressive strength - is
rather vulnerable to cracking. The material is also rather stiff, so the deceleration
distance and impulse time can be low, if the support below does not respond flexibly.

Therefore the main concern in this case would be the survival of the cooling structure
and namely the deformation of the water-steam pipes.



4. Loads on the BiMAC after melt release

4.1 Fragmentation and quenching

If the released melt is mainly oxidic and if water addition occurs as intended, a significant
contribution to coolability from initial fragmentation and superficial cracking can be
expected, based on the results of the SWICCS-tests performed in the OECD-MCCI
project at Argonne Nat. Lab. The tests have shown that cracking of the crust induced by
mechanical stress after cool-down is especially effective for native corium that does not
contain concrete (as in case of the ESBWR). This effect could relax the situation
regarding heat fluxes from the melt.

However, similar to silicium, also Boron could theoretically act as a net-forming
compound in the melt. This effect needs to be quantified, should coolability be credited -
which so far does not seem to be the case in the BiMAC line of argumentation.

4.2 Heat fluxes to the boundary of the molten pool

The deduced values for the heat fluxes from the molten pool appear conservatively high.
This is particularly true for the sidewalls. Therefore the somewhat lower averaged values
of 100 kW/m 2 (at the bottom) and 300 kW/m2 (at the side) are considered for the
assessment in §4. The resulting total heat flux of _100 m2*300 kW/m 2 (side and top) +
~100m 2*100 kW/m2 (bottom) of 40 MW is more than the given bounding decay power
value of 36 MW.

4.3 Heat transfer to the cooling system

The ESBWR uses a similar arrangement to cool the spread melt at the bottom and side
as the EPR [4]. Also the maximum length of the inclined bottom section and the pipe
cross-section are comparable. Therefore the experimental results obtained during EPR
validation can well be transferred.

Some of these results were published in open literature [4]. They show that, even at the
lower inclination of -10 of the EPR, the system has sufficient capacity to remove a
projected heat flux of at least 120 kW/m2 (at 1 bar) through the bottom cooling structure.
The flow was observed to remain in the bubbly and slug flow regime up to a heat flux of
about 100 kW/m 2 (at 1 bar).

Even at the maximum measured heat flux into the horizontal part of 125 kW/m2, the void
and the steam mass fraction in the vertical section remained low so that the common
CHF-limit of -1 MW/m 2 (at 1 bar) can be applied.

The tests also proved that the flow conditions in these types of channels are fully self-
adjusting, due to the low water flow rates involved. Each channel acts independently so
instabilities need not to be considered.

Due to the higher inclination of 100, the ESBWR BiMAC should provide better heat
transfer and two-phase flow conditions than the only 10-inclined channels of the EPR.
Nevertheless, the lower inclination and the more robust channel design of the EPR have
other advantages.



Without further investigation, the measurements referred in [1], appear reasonable. With
a length of >~5 m for the horizontal leg the resulting void in the vertical leg will also
remain low. Together with the fact that the total heat flux into the sidewall structure (per
channel) is much smaller than that through the bottom, this yields comfortable margins
on the lateral part.

This positive statement is, however, limited to the assumption of an intact zirconia layer
(residual thickness > 50 mm). In case of a local and/or global failure with direct melt
contact and potentially higher transient thermal loads a separate assessment will be
necessary. Also thermal deformation as a consequence of higher temperatures at the
melt facing side of the tubes should be assessed.

4.4 Heat flux into the zirconia layer

After arrival in the BiMAC the denser oxidic melt will immediately form a crust at the
bottom, which separates it from the initially "cold" surface of the zirconia layer. Its
thickness then grows up to a quasi-stationary value at which the heat flux from the
molten pool is constant and balanced by the heat transport into the zirconia.

At that time the solidus temperature at the melt-facing surface of the crust is equal to the
liquidus temperature of the adjacent molten corium, which - for oxidic corium with -30%
zirconium oxidation (C30) is about 2700°K, see §2. In the bulk of the molten pool
temperatures will be higher due to the need to drive natural convection.

Already without further analysis it is obvious that the formed crust will only survive as
long as the "cooling" effect of the zirconia is sufficiently strong to keep the surface
temperature below the liquidus temperature of the corium. The heat flux into the zirconia
does, however, steadily decrease and reach a minimum (without erosion at the surface)
when the temperature profile through the zirconia layer has become linear. The
corresponding heat flux that passes the (intact) 20 cm zirconia layer to the water in
steady-state, here denoted as q', is:

q' = A*ATI Ax Eq. 1

= 1.5*(2700-400) / 0.2 [in SI units] = 17.25 kW/m 2

This value is significantly lower than the heat flux of -100 kW/m 2 the molten pool can
theoretically provide. Therefore, the crust will necessarily disappear at some point in
time. To get an idea of this characteristic time, the described situation is modeled by
using an engineering code that describes non-stationary heat conduction with
melting/freezing. The analysis is based on the material properties for the melt, as given
in Tab. 3.4.3.4 [1]. Convection was emulated by an effective thermal conductivity. Its
value in the molten oxide was arbitrarily taken to be 10 times the assumed thermal
conductivity of the solid corium of 4 W/mK.

To quantitatively reflect the inpact of crust formation, a molten layer thickness in the
vicinity of the zirconia surface of 5 cm was included in the modeling. The initial
temperature of this melt layer, which is also used as the (constant) boundary
temperature on the side of the molten pool, was taken as 2800 K. It corresponds to a
100 K superheat above the liquidus temperature of 2700°K. In reality also higher
temperatures could occur in the pool, as indicated in [1]-Figs.3.4.3.1x.



The described combination of effective thermal conductivity, molten layer thickness and
superheat yields a maximum heat flux from the bulk of about 80 kW/m2. With respect to
the characteristic survival time of the crust this lower value is conservative as compared
to the higher heat flux of 100 kW/m 2 proposed in [1].

Due to the fact that solidification is sufficiently well described by a plane front model (no
mushy zone at the low involved freezing velocities) the crust is formed (and destroyed)
at the same temperature of 2700 K (the liquidus temperature of the corium mixture). The
results of the analysis, which starts with the assumed melt contact at t= 0, are given in
Figs. 2 to 4.

Fig. 2, and the enlarged view of Fig. 3, confirm the previous statement that the contact
with the cold zirconia initially results in the formation of a crust. Its thickness grows up to
a maximum value of about 2 cm, which is reached after about 800 s. From that time on
the thickness (and the heat flux into the zirconia) do not change much during the next
-1000 s. After -1800 s the crust progressively decreases as the "cooling effect" of the
zirconia vanishes, see Fig. 4. The crust is completely diluted after 1-2 hours (-6000 s).

This time is mainly determined by the heat-up of the zirconia and therefore widely
insensitive against the assumptions made on the melt side. It is too low to credit a
significant decrease in the decay power.

Fig. 4 shows that, the heat flux into the zirconia is initially higher than the maximum
value of 80 kW/m 2 from the pool, which is due to the additional release of latent heat
from the solidifying melt in the crust region. At the later time, when the heat flux from the
pool does again equal that into the zirconia, the crust has completely disappeared.
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4.5 Thermal chemical stability of the zirconia layer

At the latest when the crust is completely dissolved, the zirconia is no longer protected
against the chemical influence of the melt (there is a preceding attack driven by diffusion
processes). As soon as the surface temperature exceeds the liquidus temperature of the
molten corium, the zirconia ceramic will start to dissolve, regardless of its theoretically
higher melting point.

It is a common misunderstanding to assume that the addition of lower-melting oxides,
which reduce the liquidus temperature of the molten corium, will be advantageous for the
stability of a surrounding refractory container. In reality, quite the opposite is true.

This is because the same mechanisms that lower the melting point of the pool are also
effective at the interface. Zirconia, which itself is a main part of the melt, will therefore
dissolve by the formation of low-melting phases at the interface. In addition, the lower-
melting component (e.g. FeOx or non-oxidized zirconium) can infiltrate along the grain
boundaries and weaken the ceramic bonds. As a consequence individual grains become
detached and carried into the molten pool, which further increases the effective erosion
velocity.

Besides this, ZrO2 is soluble also in a pure (U,Zr)0 2-melt if the melt is superheated and if
the ZrO2 surface temperature is above the melt's liquidus temperature. Practically, due
to the reasons mentioned above, erosion already starts below this temperature.

The corresponding phenomena have been experimentally investigated in the CIRMAT
tests [5], see Appendix. The measured erosion rates depend on heat flux and chemical
composition (only the influence of non-oxidized zirconium was tested) and were typically
in the range of some cm/h. In an accompanying analytical study, performed by CEA
Grenoble, the observed phenomena were theoretically modeled. The results are
included in [6].

As the chemistry of the ESBWR melt is comparably straight-forward, the following simple
model can be applied, at the moment when the surface temperature exceeds the melts
liquidus temperature:

According to this model, the speed of erosion Verosion can be assumed to follow the
difference between the actual convective heat flux from the melt q'meI and the
conductive heat flux into the zirconia q'conduction. The free parameter is the surface
temperature Tsurtce which will adjust in a way that the following equation is fulfilled:

q'melt = a(Tfsurfc.) *(Tbul, - Tsurface) =

hmet._zirconia * Pzirconia * Verosion(Tsurface) - q'conduction(Tsurface) Eq. 2

Here, a is the heat transfer coefficient between bulk and surface, while hme..tzirconia and
Pzirconia denote the heat of fusion and the density of the zirconia.

Let's consider the following example: At the time, when the crust has just disappeared
the surface temperature equals the melt's liquidus temperature. Therefore for the heat
flux from the molten pool the specified bounding value of 100 kW/m2 can be applied.



At the same time, the calculated heat flux into the zirconia layer q'conduction is about
40 kW/m 2, see Fig. 4, which leaves 60 kW/m2 available for the melting of the zirconia.
With the zirconia property data listed in §2 and [1], this yields an erosion rate of about
0.008 mm/s or -2.9 cm/h. The value is in the range of experimental results typically
observed in CIRMAT and therefore physically reasonable.

In reality, the actual erosion speed can even be higher than the value calculated on the
basis of a heat flux balance at the surface because, as mentioned above, individual
grains can detach (as a whole) from the surface. These grains will then be molten - not
at the boundary, where the heat-transport is limited - but in the bulk of the melt.

Corresponding phenomena may have been the reason why sub-stoichiometric corium
melts (already of relatively low percentages of non-oxidized zirconium) yielded higher
erosion rates than fully oxidized corium (U,Zr)0 2. The C30-type melt specified for the
ESBWR contains a high fraction of non-oxidized zirconium (-17 wt%), which is above
the maximum realized value in the CIRMAT tests (-5 wt%), see Appendix.

As long as the temperature of the zirconia in contact with the melt is equal or above the
melt's liquidus temperature, zirconia will be dissolved in both (U,Zr)O 2_x and (U,Zr)0 2-
type corium. The solubility is practically unlimited, because, due to sustained decay
power generation and the need to remain convective, the melt will stay superheated.
Therefore the dissolution process can theoretically continue until all available zirconia is
eroded.

Practically, the process will stop as soon as the residual zirconia layer has become
sufficiently "transparent" for the cooling at its back side to draw the temperature of the
inner surface below the liquidus temperature of the oxidic corium. This corresponding
residual thickness of the zirconia can again be calculated using Eq. 1, assuming that q'
is the heat flux that the melt can deliver to the zirconia surface and AT is the
temperature difference across the residual zirconia layer. This yields the following values
for the residual thickness at the bottom and sidewall:

AX bottom - 1.5*(2700-400)/le5 [in SI units] = 3.45 cm

AX side 1.5"(2700-400)/3e5 [in SI units] = 1.15 cm

When applying the saturation temperature of 400 K (at 2-3 bar) as a boundary
condition on the water-cooled side it was assumed that the zirconia remains in
ideal contact with the cooled tubes, which is not conservative with respect to the
cooling efficiency. In case of thermal deformation (depending on the design
solution), gaps may form, which may represent an additional heat transfer
resistance.

It could further occur that during the preceding erosion process the liquidus
temperature of the corium melt had changed due to:

* a (partial) oxididation of the zirconium caused by oxygen diffusion
from the water on top

* the addition of the eroded zirconia (ZrO2) into the melt



Both processes increase the liquidus temperature (by some percent) and thus
the residual layer thickness. However, once all zirconium is oxidized other
disadvantageous processes will have to be considered. Among these is the
diffusion of Cr20 3 and FeO into the oxide from still molten metallic regions. This
would again reduce the liquidus temperature or, even worse, introduce FeO as a
low-melting compound that can attack the zirconia. As a consequence, little credit
can practically be taken from this effect for which reason the liquidus temperature
was kept at 2700 K.

Both calculated values of the residual layer thickness are below the target value for the
minimum residual thickness of 50 mm, specified in [1].

Spatially extended zirconia layers under high thermal gradients and with only a few cm
of residual thickness are mechanically unstable. Depending on the detailed design there
may also be problems with the fixing anchors, as those usually require a minimum
thickness of the residual zirconia of several cm. To remember, zirconia is about
4000 kg/M 3 lighter than the liquid melt and therefore tends to float upwards (if detached
from the composite structure).

Based on the assessment -given above, a local or even -lobal failure of the provided
zirconia layer can be expected. As a consequence, it should be demonstrated that the
cooling structure can tolerate a direct transient contact with the molten corium.

In this respect it shall not be concealed that, in this case, the situation could be
aggravated (as compared to the contact with the molten oxidic corium), if the presence
of a "heavy" metallic (U,Zr,Fe,O) phase (see §2) at the bottom of the oxidic melt pool
would need to be considered. After postulated local failure of the zirconia the direct
contact with such a metallic phase, which has a superheat (against the steel melting
point) of about 1000°K, will cause very high transient heat fluxes into the cooling
structure.

The potential argument that in contact with such a metallic phase the zirconia would
remain stable is not feasible because, chemically, this metal phase behaves similar to
the adjacent oxidic phase, because - under the specific conditions - both are in near
thermo-dynamic and thermo-chemical equilibrium. Therefore, despite of its general high
resistance against metallic melts, zirconia will also be dissolved the same way as by an
oxidic melt. The survival time of an initial "heavy" metallic phase within the oxidic pool
will depend on the intensity of the oxygen transport from the water atop the molten pool.
Oxygen diffusion and its impact on the heavy metal layer are subject of ongoing
investigations in the planned OECD MASCA-2 project.
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6 Appendix

In the late 9 0 th Siemens-KWU has experimentally investigated the erosion behavior of
zirconia in contact with corium melts in the CIRMAT tests, performed in the frame of the
EU co-funded CIT project [5].

The tests were performed at LSK St. Petersburg in a "cold" crucible installation, see Fig.
Al, using various types of prototypic (U,Zr)0 2-melt and zirconia-based ceramic material.
The zirconia samples were instrumented with central TC arrays to measure erosion front
progression.

In the latest series of tests #24-29, see Tab. Al, the erosion speed into cylindrical
samples at the bottom of the melt was measured with the intent to identify the impact of
non-oxidized zirconium on the erosion process. The metallic Zr was added in portions
during the test. Despite some experimental problems, zirconium contents in the range of
several percent could be realized, see Tab. A2.

Typical measured curves are given in Fig. A2. Of relevance is the initial part of the curve,
as this describes the situation before approaching the quasi-steady state situation in
which the induced energy is balanced by the heat loss into the residual zirconia block at
the bottom and into the cold structure above. The situation at the end of the test is
illustrated for a typical experiment in Fig. A-3. It also indicates the structures changes in
the zirconia in front of the erosion front.

Maximum measured erosion rates were in the range of 2-5 mm/min (12-30 cm/h), with
the highest values observed for zirconium-rich melts.

A more quantitative assessment of the results, and a comparison of heat fluxes and
temperatures with those in the ESBWR BiMAC will need a more thorough analysis,
which exceeds the target of this review.



test ZrO2 sample Zr-conc. atmosphere melt temperature experimental task
description w%

#24 bottom 0 N2 -100K superheat ablation rate
sample

#25 bottom 0 N2 max.possible ablation rate
sample

#26 bottom 3 N2 max.possible ablation rate
sample

#27 bottom 6 He max.possible ablation rate
sample

#28 - 0 He variable graduation
#29 bottom 3 + He variable graduation

sample max. possible

Tab. Al: Target test conditions of the experiments #23-29.

U/Zr proportion

Interaction Maximum Initial U/Zr Final U/Zr Calculated
Experiment time, measured proportion, proportion, metallic Zr in

min temperature at the i.e. before i.e. after the melt*),
melt surface, interaction, interaction, w%
°C w%/w% w%/w%

#24 31.0 2550 2.88/1 2.27/1
#25 29.5 2790 2.88/1 2.05/1 -

#26 21.5 2730 2.88/1 2.12/1 2.7
#27 250.0 2700 2.88/1 1.71/1 3.5
#29 160.0 2765 2.88/1 1.66/1 >5.7

*) The calculated metallic Zr content in the melt takes into account the reaction:

U0 2 +x + - Zr -> x ZrO2 + U02
2 2

Tab. A2: U/Zr proportion in experiments with ceramic ZrO2 bottom specimens.
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Fig. 4-3:

Zirconia cylinder after interaction with corium melt in experiment #27



A3. Author's Response to Prof. Griffith's Comments.

The responses are provided in Red, Bold, Italic. Closing statement is at the very end.

Review of the report entitled "ROAAM-Review of Severe Accident Management in
Support of the ESBWR Design Certification" by Theofanous and Dinh"

Peter Griffith
Consultant
August and September 2006

Introduction - This report goes beyond design basis accidents and considers the classes of
severe accidents that could lead to containment failure. A severe accident (one that leads
to core damage) is very unlikely. One that goes on to lead to containment failure is very
unlikely indeed. Not only is it important that this be stressed early in the report, it may
be worthwhile to address the consequences of such a failure as I think it can be shown
that those consequences are minimal as far as the release of radioactivity to the
enviroment is concerned.

Quite so. This consequence assessments, under arbitrarily specified failure conditions,
are treated in the system's portion of the PRA document. The present report is Chapter
21 in this PRA.

In the absence of any actual accident leading to containment failure, one has to imagine a
scenario that can lead to containment failure. In developing such a scenario there are
many places where one has to decide between alternatives. The task of exploring every
alternative to the conclusion of either breaching the containment or not, entails an
unreasonable amount of computation. For an unlikely accident, such as the ones
explored here, this cannot be justified. One way of reducing the amount of computation
without compromising the answer is to identify one key process, common to all the
competing scenarios, and determine the probability of its occurring. If that probability is
low enough there is no need to pursue the other alternatives to a conclusion. That process
has been adopted here for handling two of the three alternative scenarios that have been
identified that can lead to breaching the containment.

In most of this report I'll look at the models used to predict containment breaching for the
three different transients that have been studied; Direct Containment Heating (DCH),
ExVessel Explosion (EVE), and Basemat Melt Penetration (BMP). My review of the
BMP transient will be more searching than the others because I'm more familiar with the
details of the underlying physics of that transient. I think you'll have to rely on the
expertise of the other reviewers for the other transients because of the gaps in my
knowledge.

By and large I found the writing and editing of the report quite good and, shortly after I
started reading it, made no further attempt to proofread the text. That activity slows up
my reading and interrupts my thoughts and I don't think that it should be the focus of my
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efforts anyway. Some of the figures however, do need some work and I'll include my
suggestions in a section of this review that details what I'd like to see done with them. I
don't think that that section of this review should necessarily be included in the appendix
where my review and your response to it might be presented. Any comments on the
figures should probably be edited out of the final draft of the appendix that will be
included in the final report.

Direct Containment Heating - This is not a new problem. It was laid to rest a number of
years ago with earlier reactor system designs when it was found that, even with
conservative assumptions, the containment was not challenged. I believe it has been
revived here (with an unlikely scenario) because the geometry of the containment is
quite different from those of the earlier BWRs.

In essence, it is assumed in this scenario that the molten fuel atomizes in the drywell
when the vessel ruptures and the molten core is ejected into the containment. The molten
core heats and pressurizes the gas so rapidly that the structure of the drywell is
challenged. This only happens if the vessel blowdown process is rapid enough so that
melt will be atomized and the gas heated. In essence, it is assumed that the pressure in
the drywell increases so rapidly that it is like an explosion and the structure in the vicinity
of the drywell is damaged. The complications in this scenario are enough so that it
appears that a variety of alternatives must be considered. Though the experimental basis
for these scenarios is extensive they are, of necessity, so incompletely reported in this
document that I have great difficulty in following the details. In spite of this, I find
Appendix A of the report convincing.

The salient ideas that cause me to think that the containment will not fail are as follows.
If the melt and heating is confined to just the drywell, the amount of gas that is heated is
so small that the overall containment pressure rise will not be large. If, on the other hand,
the heating process is slow enough that most of the gas in the containment is heated, it
will take long enough so that heat losses from the gasses and melt to the structure, or
from the gases to the water in the wet well, will prevent the pressure in the containment
from getting very high. The time scales for the simulations reported on Figure 1.4.1.2,
for instance, are so short that most of the containment will not be intimately involved.
For those short time scales any damage to the containment will be confined to the
immediate vicinity of the vessel. For the long time scales, the heat losses will temper any
pressure rises. Looking at the time scales of the various processes, but primarily the
blow down and the heat transfer, will help to identify what is important.

Another factor that can be significant is the size of the rupture in the vessel. The only
full-scale data point that we have for a degraded core comes from the Three Mile Island
accident. The post-mortem examination of the core showed that the melt and debris was
quite unevenly distributed in the vessel. Had the accident proceeded to vessel rupture, I
think we would have seen a small hole (perhaps one foot square in area) in the side of the
vessel rather than a large one in the bottom. I'm enclosing a figure from an ANS paper
illustrating the state of the core at TMI after the accident. I think if the core had melted
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through the vessel, it would have done so on one side and the size of the rupture much
smaller than the several square meters assumed in the model.

A crucial difference of the present design from that of the TMI vessel is in the
presence/absence of lower head penetrations. They are present in the ESB WR and not
in TMI. This is discussed in the report as we pointed out why we had to consider ex-
vessel coolability rather than in-vessel retention.

This is as good a time as any to bring up the question of break location. In the many
places that the breaks (or jets issuing from them) are illustrated in this report, the break is
moved from place to place. I think a discussion of the importance of break location is
needed. Is it important? I think it is. Size is important too. If the yield strength is the
important factor that governs the break, any asymmetry in the vessel heating will tend to
localize and reduce the size of the break.

Please see response just above.

At the end of this section, I think the authors should add a few paragraphs in which they
state the estimated failure rate and describe how they arrived at the BiMAC failure
estimate which, I believe, is 10^-3 per reactor year. In spite of this omission, I agree
with the authors, the likelihood of the containment failing in a DCH transient in such a
way that it results in a significant release of radioactivity into the environment, is
negligible. DCH should not be a concern. The bottom line should be clearer.

No, it is not le" per reactor year. It is Physically Unreasonable (PU), which is our
established way in ROAAM of saying "negligible".

ExVessel Explosion - The physics of EVE is completely enough described so that it is
possible to identify the key process in the accident sequence so that an informed estimate
of the probability of the containment being breached can be made. I'll start this section
by summarizing the transient and then identify the step in the transient that is the key to
intervening successfully in order to eliminate almost any explosion that might challenge
the containment.

The computer simulations shown in Figure 1.4.1.2 of the discharge of hot corium through
a breached reactor vessel and into a pool of water in the lower dry well, serve admirably
as a set of cartoons illustrating the discharge and progress of the hot corium through the
water that could quench the corium. They show clearly the steam filled wake behind a
charge of molten corium as the corium proceeds through the pool. This occurs when the
subcooling in the pool is low. Hardly any vapor condenses. When the water is highly
subcooled much of the vapor is condensed and the wake closes up isolating the corium
and the pocket steam that surrounds it. As more steam is formed, it is trapped by the
water above it, and the pressure in the bubble increases. Because the corium is very hot,
the steam generation rate is large and the pressure in the bubble gets large enough so that
the void growth rate in the pool can be characterized as an explosion.
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In order for this explosion to occur, two conditions must be met. The pool must be cool
enough so that most of the vapor that is formed is condensed and, the expanding bubble
must be trapped under a considerable amount of water. That is, the pool must be deep
enough so that the pressure needed to push the water out of the way is sufficient to
damage the surrounding LDW structure. Both these conditions can be met if the deluge
water control system allows sufficient water into the LDW before the corium breaches
the vessel. The critical depth appears to be about 0.7 m. As the water is substantially
subcooled to start with the subcooling is not an issue. The reliability of the temperature
sensors in the floor of the LDW and the control system which they are part of, determines
how likely this transient is. It is estimated that the probability of failure of this control
system is 10^-3.

Actually this is a requirement we place on the reliability of the control system.

If this probability is combined with the probability of a severe accident which leads to a
breach of the RPV (which is 2.8* 1OA-9) we obtain the combined probability of about 2.8
times 10 to the minus 12. This is a very low probability indeed.

Base Mat Penetration - BMP is different from the previous two scenarios in that I am
expected to evaluate the reliability of a design that is not described in great detail or,
perhaps not even completed. In spite of this, the concept is sufficiently well thought
through so that I am confident that the finished design can be made to work to a
satisfactory level of reliability. Because this design is not complete, it is not possible in
general, to quantify the failure probability but I can look at the design and identify those
items that the designers should look at in the process of completing the design. This
section of this report will then be more of a design review than an evaluation of
probability of failure of the base mat.

Figures 1.3.2.1a through 1.3.2.1e summarize the design at this time. These figures show
very little detail and contain many compromises and omissions driven by the apparent
necessity of drawing them on a computer. I hope that the final report will include all the
detail that is appropriate for the size of the drawings that are finally included.

An Addendum will be provided with the final report with scaled 3D drawings.

Let me go through these drawings one by one. Figure 3.2.1a is adequate but I'd like to be
sure it is approximately to scale. By itself though it isn't enough because it is not clear
where it fits in the entire containment. If the assembly drawing, which I would like to see
put in the report is included, perhaps the boundaries of this detail drawing can be pointed
out. I think immediately before Figure 1.2.1 would be a good place to insert the
assembly drawing. An example of what I have in mind is included with the additional
minor comments

Yes we have done so in an addendum. The reason we follow reviewer's suggestions by
implementing them in an addendum, rather than by the particular insertions pointed
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out by the reviewer, is that this report is already part of the official certification record
which can only be amended rather than altered.

Figure 3.2.1b is confusing because the deluge lines appear to discharge into some of the
inclined pipes that pass under the floor. A separate drawing of deluge system, in two
views, would probably be better. I believe too that, when the inclined pipes are full of
water, the pool level will have to be above the discharge end of the inclined pipes,
otherwise they wouldn't be full. Show the pool. If heat is being transferred to the
inclined pipes, they will probably have two phases in them. I think this should be shown
too.

Done for the final report.

Figure 3.2.1c is very confusing. I believe the entire floor of the BiMAC is composed of
inclined, water-filled tubes. Is it not? These occasional, randomly-spaced floor tubes are
really confusing. The distributor line is shown as the same diameter as the inclined tubes.
This can't be because either the velocity in the distributor will be unacceptably high or the
velocity in the inclined tubes unacceptably low. After all, this is a natural circulation
system with driving heads of only a couple of feet of water. If you show a big enough
distributor line, I believe you'll have trouble fitting it into the space you have in the floor
while leaving room for the insulating powder above it. I see there is a ring of some
yellow stuff around the wall of the LDW. What is this? What function does it serve?

Yes, those are good suggestions for the final design. Here we tried to show concept and
proof of principle.

Figure 3.2.1d isn't clear at all. I don't see how the sumps fit in the whole system. Where
are they in the plan of the whole LDW? I don't see what function the sump serves either.
Does it serve to re-circulate water? If it does, do you have a screen in it to keep out
debris? Is there a swirl eliminator? Is there a pump needed to circulate the water? Is it
available for accident use?

The purpose of sumps is to collect water from any leakages during normal operation,
so as to know what these leakages are and take action when necessary.

Figure 3.2.le isn't clear either. What is the blue ring that the sumps adjoin? Is it canal?

It is the reactor pedestal, as noted in the caption.

Assuming that I have a fair understanding of how the system works, there are a number
of concerns that I still have. They include the following:

Flow mal-distribution in the floor tubes
Water hammer and chugging
Tube dry-out and heat transfer
Melt distribution
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Pipe inspection and deterioration
Sump design

I'll continue this section by addressing these concerns one at a time. Probably most of
these concerns can be dismissed with little effort but I hope, again, at least on of them is
an item that was overlooked so this effort is justified.

Flow mal-distribution in BiMAC - There is a large number of parallel tubes feeding off a
common header in this design. Without careful design, there are likely to be some tubes
that are starved of flow while others get most or all of it. If the melt is not uniformly
distributed on the floor, some tubes will get more heat than others which will alter the
pressure drop. If you are relying on having some tubes filled from the discharge end, it
will be necessary to consider the possibility of flooding. If flow distribution is an issue, I
don't think adding an orifice will do the job. For those tubes that need little flow, the
orifices will be so small, I'd worry about them plugging up. If possible, it would be
desirable to combine several short, adjoining tubes into a smaller number of longer tubes
of approximately equal overall length.

As noted in the report, this system is self adjusting. Half-scale testing with one-quarter
section of the whole system (up to 30 pipes) will be conducted to demonstrate our
contention. The facility is presently under construction.

Water hammer and chugging - The essential conditions for water hammer (and chugging)
in pipes are; void, sub-cooling, a high enough ambient pressure, and a long enough pipe.
I should point out that chugging can occur in a pipe of any orientation. All that is
essential for it is a supply of steam at a sufficiently low flow rate, which is discharged
into sub-cooled water. If the ambient pressure in low enough and the pipes are strong
enough, the system can ride out the resulting chugs or water hammers. Appendix A in
NUREG/CR-6519 gives some guidance on screening for water hammers. A paper on
chugging in Nuclear Engineering and Design, v 147,1994, p 425-435 give some guidance
on predicting when chugging will occur.

We know this reference, and this question is best subject to the testing just mentioned.
There will be also full-scale testing of single pipes at various inclinations and
diameters.

Tube dryout and heat transfer - The presence of the insulating layer of powder on top of
the tubes will probably protect them from failure due to dry-out. If they are expected to
operate for a long time partially dried out however, repeated quenches can fail the tubes
in a few days. They corrode rapidly under these conditions and the oxide flakes off. I
don't know if this can happen in an inert atmosphere, however so checking with a
corrosion expert is probably worthwhile. Keeping all the tubes wet all the time should,
perhaps, be a requirement.

Yes it is a requirement and this is what the test program mentioned above is to
demonstrate. There is no need for an "insulating layer of powder on top". As long as
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CHF is not exceeded an appropriate amount of melt will freeze on top of the pipes thus
protecting them from material interactions (chemistry).

Melt distribution - It isn't possible to predict exactly where the melt will be. I think some
thought needs to be given to decide what is an acceptable variation in the distribution of
melt. I don't know how to approach this problem. If the melt is always melted, it should
be easy.

It is not possible to predict "exactly where the melt will be " We are only interested on
any amounts remaining molten for only these can thermally load the basemat, and
these will have to spread out to all available space.

Inspection and deterioration - Safety systems that are never or rarely used have a way of
deteriorating without the operators knowing it. I think provision for inspection, rather
than testing, should be made part of this system. I'd particularly like to be sure that
gradual sludge buildup in the horizontal or slightly inclined pipes is not blocking them.
Is there any way that crud or debris could collect in the unused pipes without the
operators knowing it? Is this system going to be like the bilge in a ship? All sorts of
stuff collects in the bilges.

No foreign material will be allowed to enter the pipes during normal operation, and the
control system will be regularly inspected as needed to meet the reliability criterion
specified.

Sump design and inspection - The figure that shows a sump does not show much about it.
Any sump needs to have provision to screen out debris and prevent swirl from
compromising the performance.

The sumps are not part of BiMAC. They are therefor normal operation and they are
subject to rules and inspections that are well known and established.

When the BMT is fully designed I think the only part that will contribute significantly to
its un-reliability will be the deluge and control system and, the instruments that turn it on.
These are probably approximately the same as the as the ones that are used in the EVE
transient. I think the same assumption of reliability that is used there is appropriate here
too, that is the probability of the BiMAT system failure is 10^-3 per reactor year. In any
case, a paragraph or two should be provided so the readers know how the authors arrived
at the probability of failure presented in the Executive Summary. These failure
probabilities are the bottom line and should be made clearer.

It is one and the same system. The target reliability specified is subject of system design
which is to be carried out elsewhere within GE.
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Conclusions

1. The accidents that can lead to severe core damage are very rare. The three accidents
described in this report, that the might also lead to containment failure, are even more
rare. They are so unlikely that I don't think that these transients deserve further study. I
was unable to come up with any other scenario, beyond these three, that might lead to
containment failure.

2. I did not find a simple way to estimate the frequency of the DCH transient in this
system. A single process or system that drives the reliability of the whole safety system
was not identified for this transient. None-the-less the whole severe accident sequence is
so rare I don't think that any calculations beyond those in Appendix A are called for.

3. The EVE transient is easier to analyze for reliability because the only items that would
be likely to prevent the system from functioning as desired are the deluge system and the
instruments and control system that turn it on. This system is built up out of components
for which reliability data is available so an estimate can be made. A failure probability of
10A-3 per reactor year (implied by the reliability of .999 mentioned in the Executive
Summary) seems reasonable number.

4. The BMP transient relies on the same system as the EVE transient so its probability of
failure should be the same.

Final Note by the reviewer:

I've read Theo Theofanous's response to my review of the ROAMM report
and am quite happy with it.
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Review of the report entitled "ROAAM-Review of Severe Accident Management in
Support of the ESBWR Design Certification" by Theofanous and Dinh"

Peter Griffith
Consultant
August and September 2006

Introduction - This report goes beyond design basis accidents and considers the classes of
severe accidents that could lead to containment failure. A severe accident (one that leads
to core damage) is very unlikely. One that goes on to lead to containment failure is very
unlikely indeed. Not only is it important that this be stressed early in the report, it may
be worthwhile to address the consequences of such a failure as I think it can be shown
that those consequences are minimal as far as the release of radioactivity to the
enviroment is concerned.

In the absence of any actual accident leading to containment failure, one has to imagine a
scenario that can lead to containment failure. In developing such a scenario there are
many places where one has to decide between alternatives. The task of exploring every
alternative to the conclusion of either breaching the containment or not, entails an
unreasonable amount of computation. For an unlikely accident, such as the ones
explored here, this cannot be justified. One way of reducing the amount of computation
without compromising the answer is to identify one key process, common to all the
competing scenarios, and determine the probability of it's occurring. If that probability is
low enough there is no need to pursue the other alternatives to a conclusion. That process
has been adopted here for handling two of the three alternative scenarios that have been
identified that can lead to breaching the containment.

In most of this report I'll look at the models used to predict containment breaching for the
three different transients that have been studied; Direct Containment Heating (DCH),
ExVessel Explosion (EVE), and Basemat Melt Penetration (BMP). My review of the
BMiP transient will be more searching than the others because I'm more familiar with the
details of the underlying physics of that transient. I think you'll have to rely on the
expertise of the other reviewers for the other transients because of the gaps in my
knowledge.

By and large I found the writing and editing of the report quite good and, shortly after I
started reading it, made no further attempt to proofread the text. That activity slows up
my reading and interrupts my thoughts and I don't think that it should be the focus of my
efforts anyway. Some of the figures however, do need some work and I'll include my
suggestions in a section of this review that details what I'd like to see done with them. I
don't think that that section of this review should necessarily be included in the appendix
where my review and your response to it might be presented. Any comments on the
figures should probably be edited out of the final draft of the appendix that will be
included in the final report.
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Direct Containment Heating - This is not a new problem. It was laid to rest a number of
years ago with earlier reactor system designs when it was found that, even with
conservative assumptions, the containment was not challenged. I believe it has been
revived here (with an unlikely scenario) because the geometry of the containment is
quite different from those of the earlier BWRs.

In essence, it is assumed in this scenario that the molten fuel atomizes in the drywell
when the vessel ruptures and the molten core is ejected into the containment. The molten
core heats and pressurizes the gas so rapidly that the structure of the drywell is
challenged. This only happens if the vessel blowdown process is rapid enough so that
melt will be atomized and the gas heated. In essence, it is assumed that the pressure in
the drywell increases so rapidly that it is like an explosion and the structure in the vicinity
of the drywell is damaged. The complications in this scenario are enough so that it
appears that a variety of alternatives must be considered. Though the experimental basis
for these scenarios is extensive they are, of necessity, so incompletely reported in this
document that I have great difficulty in following the details. In spite of this, I find
Appendix A of the report convincing.

The salient ideas that cause me to think that the containment will not fail are as follows.
If the melt and heating is confined to just the drywell, the amount of gas that is heated is
so small that the overall containment pressure rise will not be large. If, on the other hand,
the heating process is slow enough that most of the gas in the containment is heated, it
will take long enough so that heat losses from the gasses and melt to the structure, or
from the gases to the water in the wet well, will prevent the pressure in the containment
from getting very high. The time scales for the simulations reported on Figure 1.4.1.2,
for instance, are so short that most of the containment will not be intimately involved.
For those short time scales any damage to the containment will be confined to the
immediate vicinity of the vessel. For the long time scales, the heat losses will temper any
pressure rises. Looking at the time scales of the various processes, but primarily the
blow down and the heat transfer, will help to identify what is important.

Another factor that can be significant is the size of the rupture in the vessel. The only
full-scale data point that we have for a degraded core comes from the Three Mile Island
accident. The post-mortem examination of the core showed that the melt and debris was
quite unevenly distributed in the vessel. Had the accident proceeded to vessel rupture, I
think we would have seen a small hole (perhaps one foot square in area) in the side of the
vessel rather than a large one in the bottom. I'm enclosing a figure from an ANS paper
illustrating the state of the core at TMI after the accident. I think if the core had melted
through the vessel, it would have done so on one side and the size of the rupture much
smaller than the several square meters assumed in the model.

This is as good a time as any to bring up the question of break location. In the many
places that the breaks (or jets issuing from them) are illustrated in this report, the break is
moved from place to place. I think a discussion of the importance of break location is
needed. Is it important? I think it is. Size is important too. If the yield strength is the
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important factor that governs the break, any asymmetry in the vessel heating will tend to
localize and reduce the size of the break.

At the end of this section, I think the authors should add a few paragraphs in which they
state the estimated failure rate and describe how they arrived at the BiMAC failure
estimate which, I believe, is 10^- 3 per reactor year. In spite of this omission, I agree
with the authors, the likelihood of the containment failing in a DCH transient in such a
way that it results in a significant release of radioactivity into the environment, is
negligible. DCH should not be a concern. The bottom line should be clearer.

ExVessel Explosion - The physics of EVE is completely enough described so that it is
possible to identify the key process in the accident sequence so that an informed estimate
of the probability of the containment being breached can be made. I'll start this section
by summarizing the transient and then identify the step in the transient that is the key to
intervening successfully in order to eliminate almost any explosion that might challenge
the containment.

The computer simulations shown in Figure 1.4.1.2 of the discharge of hot corium through
a breached reactor vessel and into a pool of water in the lower dry well, serve admirably
as a set of cartoons illustrating the discharge and progress of the hot corium through the
water that could quench the corium. They show clearly the steam filled wake behind a
charge of molten corium as the corium proceeds through the pool. This occurs when the
subcooling in the pool is low. Hardly any vapor condenses. When the water is highly
subcooled much of the vapor is condensed and the wake closes up isolating the corium
and the pocket steam that surrounds it. As more steam is formed, it is trapped by the
water above it, and the pressure in the bubble increases. Because the corium is very hot,
the steam generation rate is large and the pressure in the bubble gets large enough so that
the void growth rate in the pool can be characterized as an explosion.

In order for this explosion to occur, two conditions must be met. The pool must be cool
enough so that most of the vapor that is formed is condensed and, the expanding bubble
must be trapped under a considerable amount of water. That is, the pool must be deep
enough so that the pressure needed to push the water out of the way is sufficient to
damage the surrounding LDW structure. Both these conditions can be met if the deluge
water control system allows sufficient water into the LDW before the corium breaches
the vessel. The critical depth appears to be about 0.7 m. As the water is substantially
subcooled to start with the subcooling is not an issue. The reliability of the temperature
sensors in the floor of the LDW and the control system which they are part of, determines
how likely this transient is. It is estimated that the probability of failure of this control
system is 10"-3.

If this probability is combined with the probability of a severe accident which leads to a
breach of the RPV (which is 2.8*10^A-9) we obtain the combined probability of about 2.8
times 10 to the minus 12. This is a very low probability indeed.
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Base Mat Penetration - BMP is different from the previous two scenarios in that I am
expected to evaluate the reliability of a design that is not described in great detail or,
perhaps not even completed. In spite of this, the concept is sufficiently well thought
through so that I am confident that the finished design can be made to work to a
satisfactory level of reliability. Because this design is not complete, it is not possible in
general, to quantify the failure probability but I can look at the design and identify those
items that the designers should look at in the process of completing the design. This
section of this report will then be more of a design review than an evaluation of
probability of failure of the base mat.

Figures 1.3.2.1 a through 1.3.2.1 e summarize the design at this time. These figures show
very little detail and contain many compromises and omissions driven by the apparent
necessity of drawing them on a computer. I hope that the final report will include all the
detail that is appropriate for the size of the drawings that are finally included.

Let me go through these drawings one by one. Figure 3.2.1a is adequate but I'd like to be
sure it is approximately to scale. By itself though it isn't enough because it is not clear
where it fits in the entire containment. If the assembly drawing, which I would like to see
put in the report is included, perhaps the boundaries of this detail drawing can be pointed
out. I think immediately before Figure 1.2.1 would be a good place to insert the
assembly drawing. An example of what I have in mind is included with the additional
minor comments

Figure 3.2.1b is confusing because the deluge lines appear to discharge into some of the
inclined pipes that pass under the floor. A separate drawing of deluge system, in two
views, would probably be better. I believe too that, when the inclined pipes are full of
water, the pool level will have to be above the discharge end of the inclined pipes,
otherwise they wouldn't be full. Show the pool. If heat is being transferred to the
inclined pipes, they will probably have two phases in them. I think this should be shown
too.

Figure 3.2.1c is very confusing. I believe the entire floor of the BiMAC is composed of
inclined, water-filled tubes. Is it not? These occasional, randomly-spaced floor tubes are
really confusing. The distributor line is shown as the same diameter as the inclined tubes.
This can't be because either the velocity in the distributor will be unacceptably high or the
velocity in the inclined tubes unacceptably low. After all, this is a natural circulation
system with driving heads of only a couple of feet of water. If you show a big enough
distributor line, I believe you'll have trouble fitting it into the space you have in the floor
while leaving room for the insulating powder above it. I see there is a ring of some
yellow stuff around the wall of the LDW. What is this? What function does it serve?

Figure 3.2.1d isn't clear at all. I don't see how the sumps fit in the whole system. Where
are they in the plan of the whole LDW? I don't see what function the sump serves either.
Does it serve to re-circulate water? If it does, do you have a screen in it to keep out
debris? Is there a swirl eliminator? Is there a pump needed to circulate the water? Is it
available for accident use?
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Figure 3.2.1e isn't clear either. What is the blue ring that the sumps adjoin? Is it canal?

Assuming that I have a fair understanding of how the system works, there are a number
of concerns that I still have. They include the following:

Flow mal-distribution in the floor tubes
Water hammer and chugging
Tube dry-out and heat transfer
Melt distribution
Pipe inspection and deterioration
Sump design

I'll continue this section by addressing these concerns one at a time. Probably most of
these concerns can be dismissed with little effort but I hope, again, at least on of them is
an item that was overlooked so this effort is justified.

Flow mal-distribution in BiMAC - There is a large number of parallel tubes feeding off a
common header in this design. Without careful design, there are likely to be some tubes
that are starved of flow while others get most or all of it. If the melt is not uniformly
distributed on the floor, some tubes will get more heat than others which will alter the
pressure drop. If you are relying on having some tubes filled from the discharge end, it
will be necessary to consider the possibility of flooding. If flow distribution is an issue, I
don't think adding an orifice will do the job. For those tubes that need little flow, the
orifices will be so small, I'd worry about them plugging up. If possible, it would be
desirable to combine several short, adjoining tubes into a smaller number of longer tubes
of approximately equal overall length.

Water hammer and chugging - The essential conditions for water hammer (and chugging)
in pipes are; void, sub-cooling, a high enough ambient pressure, and a long enough pipe.
I should point out that chugging can occur in a pipe of any orientation. All that is
essential for it is a supply of steam at a sufficiently low flow rate, which is discharged
into sub-cooled water. If the ambient pressure in low enough and the pipes are strong
enough, the system can ride out the resulting chugs or water hammers. Appendix A in
NUREG/CR-6519 gives some guidance on screening for water hammers. A paper on
chugging in Nuclear Engineering and Design, v 147,1994, p 425-435 give some guidance
on predicting when chugging will occur.

Tube dryout and heat transfer - The presence of the insulating layer of powder on top of
the tubes will probably protect them from failure due to dry-out. If they are expected to
operate for a long time partially dried out however, repeated quenches can fail the tubes
in a few days. They corrode rapidly under these conditions and the oxide flakes off. I
don't know if this can happen in an inert atmosphere, however so checking with a
corrosion expert is probably worthwhile. Keeping all the tubes wet all the time should,
perhaps, be a requirement.

Melt distribution - It isn't possible to predict exactly where the melt will be. I think some
thought needs to be given to decide what is an acceptable variation in the distribution of
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melt. I don't know how to approach this problem. If the melt is always melted, it should
be easy.

Inspection and deterioration - Safety systems that are never or rarely used have a way of
deteriorating without the operators knowing it. I think provision for inspection, rather
than testing, should be made part of this system. I'd particularly like to be sure that
gradual sludge buildup in the horizontal or slightly inclined pipes is not blocking them.
Is there any way that crud or debris could collect in the unused pipes without the
operators knowing it? Is this system going to be like the bilge in a ship? All sorts of
stuff collects in the bilges.

Sump design and inspection - The figure that shows a sump does not show much about it.
Any sump needs to have provision to screen out debris and prevent swirl from
compromising the performance.

When the BMT is fully designed I think the only part that will contribute significantly to
its un-reliability will be the deluge and control system and, the instruments that turn it on.
These are probably approximately the same as the as the ones that are used in the EVE
transient. I think the same assumption of reliability that is used there is appropriate here
too, that is the probability of the BiMAT system failure is 10^-3 per reactor year. In any
case, a paragraph or two should be provided so the readers know how the authors arrived
at the probability of failure presented in the Executive Summary. These failure
probabilities are the bottom line and should be made clearer.

Conclusions

1. The accidents that can lead to severe core damage are very rare. The three accidents
described in this report, that the might also lead to containment failure, are even more
rare. They are so unlikely that I don't think that these transients deserve further study. I
was unable to come up with any other scenario, beyond these three, that might lead to
containment failure.

2. I did not find a simple way to estimate the frequency of the DCH transient in this
system. A single process or system that drives the reliability of the whole safety system
was not identified for this transient. None-the-less the whole severe accident sequence is
so rare I don't think that any calculations beyond those in Appendix A are called for.

3. The EVE transient is easier to analyze for reliability because the only items that would
be likely to prevent the system from functioning as desired are the deluge system and the
instruments and control system that turn it on. This system is built up out of components
for which reliability data is available so an estimate can be made. A failure probability
of 10/-3 per reactor year (implied by the reliability of .999 mentioned in the Executive
Summary) seems reasonable number.

4. The BMP transient relies on the same system as the EVE transient so its probability of
failure should be the same.
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A4. Author's Response to Dr. Henry's Comments.

The responses are provided in Red, Bold, Italic.

Closing comment by the reviewer is at the very end.

Sid and Theo:

I have reviewed the report entitled "Severe Accident Management Support of the
ESBWR Design Certification Document." As you know, I reviewed the original draft of
this document in August of this year and at that time I agreed with the approach on the
following subjects:

* the assessment of Direct Containment Heating (DCH),

* the assessment for the vent clearing times related

to enabling the inherent pressure suppression capabilities,

* the assessment ex-vessel steam explosions as a

conservative representation of the loads that could be created in the lower drywell should
high temperature melt be discharged into a water pool, and

* the assessment for basemat penetration in terms of

ablation and downward heat removal from accumulated core debris.

Reviewing the current document, I find that these are addressed in essentially the same
way as the August document. Therefore, I continue to find the approaches for these
issues to be a conservative assessment of the physical response in each of these
phenomenological areas.

As directed by Sid's transmittal letter, I reviewed this document in the context of whether
it puts forth and demonstrates a severe accident management concept that is consistent
with the high expectations on the safety of the ESBWR. In this regard, I find that there
are some additional aspects that need to be addressed either by this document, the full
scale testing identified on page 111.27 or the design activities. These are itemized below.

1. When reviewing Figure 3.4.2.1, I noted that there is no inclusion in
this figure for dynamic loadings other than ex-vessel steam explosions. For example, the
potential impact of solid materials such as control rod drives that could be released
coincident with vessel failure. This is covered briefly in the July 31 st addendum on page
111.35 which notes that this will be addressed by the detailed design activities. Certainly
this is true, however it is sufficiently important that it should be included as part of the
ROAAM methodology, i.e. a list of the key physical processes should be identified and a
first order assessment given. I recommend that GE should look to the ROAAM



methodology as a guidance document for assessing the particular features needed in the
large scale experimentation.

In this regard, the control rod drives are attached to the lower core support plate,
but accumulation of melt within the RPV lower plenum for a sufficient time to fail the
vessel would also have a high probability of melting away the penetration mass above the
vessel wall thereby separating the in-vessel and ex-vessel parts of the control rod drive.
This certainly occurred in the TMI-2 accident, which is a different design but nonetheless
an observation to be taken into account. Furthermore, a vessel failure location that
ablates to a size that reaches 0.3 min/diameter will include at least a single penetration
(and perhaps more) that is no longer attached to the vessel wall . Given these simple
considerations, impact loads should be included in the ROAAM methodology.

This point is well taken, and another Addendum will be provided to clarify this issue
further, along the following lines. We point out a double protection from such impacts.
First, about 2m below the CRD lower end, there is a substantial metallic structure in
the form of rotating platform (used for inspection and maintenance service). Second,
the BiMAC lid and its structural support will be designed to be structurally robust.

2. There is a substantial discussion related to the potential for ablation by the melt as
it is discharged from the vessel failure location. I agree with the way in which the
ablative assessment is performed. However, the zirconia material could also be subject to
spallation as a result of thermal stresses produced by intimate contact with the melt. With
the melting temperature given for the zirconia (2950-3120 K) as well as the postulated
considerably lower temperatures developed for the melt (- 2600 K), ablation may not
occur. Nonetheless, substantial thermal stresses could be induced on the zirconia surface
and the question of potential spallation should be evaluated. This is one of the issues that
needs to be specifically identified in the large scale tests.

Thermomechanical stability of the zirconia layer is addressed in detailed design
specification, and seen here as "within engineering practice"for three reasons.

First, the requirement is that the Zirconia layer protects the BiMA C pipe against melt
jet impingement during the short relocation transient from the RPV. Subsequent
relocation, in dripping mode, poses no threat.

Second, technology with ceramic Zirconia has been developed over decades and widely
used in various demanding high-temperature applications, e.g. combustion in MHD
generators, gas-turbine blades, melting crucibles, etc. Of benefit here are recent
advances made in Russia to further improve thermomechanical stability of ceramic
Zirconia in core catcher applications (Mineev et al, Atomic Energy 91(1), pp.543-550,
2001; Mineev et aL, Refractories and Industrial Ceramics, 44(6), pp.3 6 7-3 72, 2003).

Third, any needs to further reinforce the protective layer against thermal stresses and
spallation will be examined and accommodated in the detailed design.



3. Since the BiMAC is to be installed in the lower drywell, with long term operation
in a nuclear plant, there is always a potential for water accumulation. This may be due to
condensation, small leaks, minor spillages during outages, etc. It is not clear how the
zirconia would be fabricated, but if this is constructed as a series of solid blocks, the
accumulation of water within open pores of the zirconia or in gaps between blocks is a
possible mechanism for disrupting the zirconia configuration in the presence of rapid heat
transfer induced by melt attack? Certainly the joints could be grouted, but this also
degrades with age combined with normal maintenance activities, i.e. control blade
replacement, containment inspection, etc. I did not find the question of moisture
addressed in this report. This is another issue that needs to be examined both in terms of
planned full scale testing as well as in the overall design of the BiMAC structure.

The BiMAC protection layer uses a high-density, low-porosity ceramic zirconia that
largely eliminates any substantial water accumulation in the ceramic blocks, hence
minimizing any evaporation-induced spallation potential As we began to think about
detailed design, we are orienting towards a multilayer configuration, with various
concrete materials both above and below the Zirconia layer. These comments and such
ones from other reviewers are very helpful in achieving completeness of consideration.

4. Is the assessment of natural circulation cooling within the tubes assuming a
uniform heat flux around the periphery of the individual tubes? Since the tubes are
embedded within zirconia blocks, the low conductivity of the zirconia compared to that
of the tubes would tend to make the imposed energy flux non-uniform (potentially highly
non-uniform) around the tube periphery. In fact, one would tend to think that virtually all
of the energy transfer would occur in a relatively small arc on the tube periphery. It is
likely the case that the assessment performed in what appears to be a one-dimensional
assessment is a conservative representation of the thermal hydraulic response of the two-
phase flow inside of the tubes. The large cooling margin under two-phase conditions as
well as the margin with subcooling as evaluated by Hans Fauske in his review, indicates
the level of conservatism. However, the potential influence of a non-uniform heat flux
around the periphery of the tube should be considered because this has an influence on
the effective driving head and therefore the flow rate through the cooling system.
Clearly, such considerations are part of the detailed design, and should also be included
in the full scale testing. As with the previous points, the document should provide a first-
order assessment that is sufficient to demonstrate that the evaluation in the current report
is conservative as well as to guide the design activity.

Analysis of BiMAC natural circulation cooling was performed for thermal loading
appropriately imposed on the upper arc of the cooling pipe. Data used to support the
validation and quantification was taken from experiments with downward-facing
heated channels SUL TAN and ULPU.

I have some additional recommendations to help the authors. These are:



1. There are a number of places where property values are given without
a reference. Where properties are given, it is helpful to the reader to know that these are
taken from a referencable document. Hence, the places where properties are specifically
noted should also include references. For example, the steel properties given in Figure
1.4.2.2 should be referenced as well as the zirconia properties given on page 111. 18.

Done (action: refer to property handbooks in Final edition of the report)

2. The high reliability of the deluge valves is an important aspect of
the performance for the BiMAC as well as the lower drywell. I could find no mention in
the assessment of whether these valves and their instrumentation need to be shielded
from the high thermal radiation that would ensue if debris is lost from the reactor vessel.
It seems to me that such high reliability would require that these are fully shielded from
debris/missiles and thermal radiation. A similar consideration needs to be given to
whether deluge line that feeds the BiMAC needs to be shielded to assure that it is not
jeopardized by debris and/or missiles that could be generated immediately following
RPV failure.

Agree. These aspects are considered well "within current engineering practice" and
shall be considered in the detail design.

These are my comments on the review of the final document. They are intended to be
constructive and add to the credibility of the report.

Sincerely yours,
Robert E. Henry

Theo:

Thank you for sending your responses to my comments on the "Severe
Accident Management Support of the ESBWR Design Certification
Document". I have reviewed your responses to my comments and I am in
agreement with the proposed actions to resolve these comments. As
always, I am interested in those design features that help in
addressing accident management issues.
As such, I would appreciate being kept informed of the future
experiments and analyses that relate to the BiMAC design and testing.

Best regards,
Bob



Sid and Theo:

I have reviewed the report entitled "Severe Accident Management Support
of the ESBWR Design Certification Document." As you know, I reviewed
the original draft of this document in August of this year and at that
time I agreed with the approach on the following subjects:

* the assessment of Direct Containment Heating (DCH),

* the assessment for the vent clearing times related

to enabling the inherent pressure suppression capabilities,

* the assessment ex-vessel steam explosions as a

conservative representation of the loads that could be created in the
lower drywell should high temperature melt be discharged into a water
pool, and

* the assessment for basemat penetration in terms of

ablation and downward heat removal from accumulated core debris.

Reviewing the current document, I find that these are addressed in
essentially the same way as the August document. Therefore, I continue
to find the approaches for these issues to be a conservative assessment
of the physical response in each of these phenomenological areas.

As directed by Sid's transmittal letter, I reviewed this document in
the context of whether it puts forth and demonstrates a severe accident
management concept that is consistent with the high expectations on the
safety of the ESBWR. In this regard, I find that there are some
additional aspects that need to be addressed either by this document,
the full scale testing identified on page 111.27 or the design
activities. These are itemized below.

1. When reviewing Figure 3.4.2.1, I noted that there is no inclusion
in
this figure for dynamic loadings other than ex-vessel steam explosions.
For example, the potential impact of solid materials such as control
rod drives that could be released coincident with vessel failure. This
is covered briefly in the July 31st addendum on page 111.35 which notes
that this will be addressed by the detailed design activities.
Certainly this is true, however it is sufficiently important that it
should be included as part of the ROAAM methodology, i.e. a list of the
key physical processes should be identified and a first order
assessment given. I recommend that GE should look to the ROAAM
methodology as a guidance document for assessing the particular
features needed in the large scale experimentation.

In this regard, the control rod drives are attached to the lower
core support plate, but accumulation of melt within the RPV lower
plenum for a sufficient time to fail the vessel would also have a high
probability of melting away the penetration mass above the vessel wall
thereby separating the in-vessel and ex-vessel parts of the control rod
drive. This certainly occurred in the TMI-2 accident, which is a
different design but nonetheless an observation to be taken into
account. Furthermore, a vessel failure location that ablates to a size
that reaches 0.3 min/diameter will include at least a single
penetration (and perhaps more) that is no longer attached to the vessel



wall. Given these simple considerations, impact loads should be
included in the ROAAM methodology.

2. There is a substantial discussion related to the potential for
ablation by the melt as it is discharged from the vessel failure
location.
I agree with the way in which the ablative assessment is performed.
However, the zirconia material could also be subject to spallation as a
result of thermal stresses produced by intimate contact with the melt.
With the melting temperature given for the zirconia (2950-3120 K) as
well as the postulated considerably lower temperatures developed for
the melt (- 2600 K), ablation may not occur. Nonetheless, substantial
thermal stresses could be induced on the zirconia surface and the
question of potential spallation should be evaluated. This is one of
the issues that needs to be specifically identified in the large scale
tests.

3. Since the BiMAC is to be installed in the lower drywell, with
long
term operation in a nuclear plant, there is always a potential for
water accumulation. This may be due to condensation, small leaks,
minor spillages during outages, etc. It is not clear how the zirconia
would be fabricated, but if this is constructed as a series of solid
blocks, the accumulation of water within open pores of the zirconia or
in gaps between blocks is a possible mechanism for disrupting the
zirconia configuration in the presence of rapid heat transfer induced
by melt attack? Certainly the joints could be grouted, but this also
degrades with age combined with normal maintenance activities, i.e.
control blade replacement, containment inspection, etc. I did not find
the question of moisture addressed in this report. This is another
issue that needs to be examined both in terms of planned full scale
testing as well as in the overall design of the BiMAC structure.

4. Is the assessment of natural circulation cooling within the tubes
assuming a uniform heat flux around the periphery of the individual
tubes?
Since the tubes are embedded within zirconia blocks, the low
conductivity of the zirconia compared to that of the tubes would tend
to make the imposed energy flux non-uniform (potentially highly non-
uniform) around the tube periphery. In fact, one would tend to think
that virtually all of the energy transfer would occur in a relatively
small arc on the tube periphery.
It is likely the case that the assessment performed in what appears to
be ,a one-dimensional assessment is a conservative representation of the
thermal hydraulic response of the two-phase flow inside of the tubes.
The large cooling margin under two-phase conditions as well as the
margin with subcooling as evaluated by Hans Fauske in his review,
indicates the level of conservatism. However, the potential influence
of a non-uniform heat flux around the periphery of the tube should be
considered because this has an influence on the effective driving head
and therefore the flow rate through the cooling system. Clearly, such
considerations are part of the detailed design, and should also be
included in the full scale testing. As with the previous points, the
document should provide a first-order assessment that is sufficient to
demonstrate that the evaluation in the current report is conservative
as well as to guide the design activity.



I have some additional recommendations to help the authors. These are:

1. There are a number of places where property values are given
without
a reference. Where properties are given, it is helpful to the reader
to know that these are taken from a referencable document. Hence, the
places where properties are specifically noted should also include
references. For example, the steel properties given in Figure 1.4.2.2
should be referenced as well as the zirconia properties given on page
111.18.

2. The high reliability of the deluge valves is an important aspect
of
the performance for the BiMAC as well as the lower drywell. I could
find no mention in the assessment of whether these valves and their
instrumentation need to be shielded from the high thermal radiation
that would ensue if debris is lost from the reactor vessel. It seems
to me that such high reliability would require that these are fully
shielded from debris/missiles and thermal radiation. A similar
consideration needs to be given to whether deluge line that feeds the
BiMAC needs to be shielded to assure that it is not jeopardized by
debris and/or missiles that could be generated immediately following
RPV failure.

These are my comments on the review of the final document. They are
intended to be constructive and add to the credibility of the report.

Sincerely yours,
Robert E. Henry
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A5. Author's response to Dr. Moody's Comments

Responses are provided in Red, Bold, Italic.

A closing statement by the reviewer is at the end.

ROAAM - Review of
"Severe Accident Management in Support of the ESBWR Design Certification"

prepared by Dr. Theo Theofanous and Dr. Truc-Nam Dinh
for General Electric Company

F. J. Moody
Consulting Engineer (GE, Retired)
827 Larkspur Lane
Murphys, CA 95247

(209) 728-1616 phone
(209) 728-1610 fax
fmoodyggoldrush.com

REVIEW SUMMARY

This review consists of two parts: GENERAL COMMENTS, which summarize
the reviewer's reaction to various sections, discussion points, arguments, and conclusions
put forth by the investigators; and CLARIFICATION COMMENTS, which are offered
for the purpose of helping to strengthen, clarify, or otherwise aid in the understanding of
various statements made in the study.

No obvious errors, misrepresentations, or non-representative application of
physical principals, fundamental theoretical formulations, accepted solution
methodologies, or established engineering practices could be identified. Although there
is usually a range of opinions on probability distributions, the blending of theoretical,
empirical, and computational models in a probabilistic framework in this study rests on a
strong foundation, which has been developed and accepted by the industry over the last
two decades of severe accident studies, cited by the authors.

The lead author of this study has demonstrated, by combining both the broad
scope of system interaction and behavior coupling with in-depth attention to fine
structure detail, that he has performed exhaustive work on "both sides of the table" as
both examiner and as examinee. Each section attempts to address potential
vulnerabilities and ascribe reasonable, defensible, supportable bounds for the conclusions
reached. Thus, the report is loaded with a tone of both responsibility and accountability.



2

The main purpose of the report is to determine if the BiMAC device will present a
melt-containing, impenetrable boundary, thus assuring long-term coolability, and absence
of melt-concrete interactions and basemat melt penetration. The conclusion appears
sound that the BiMAC device indeed can be constructed, with the help of experimental
programs to optimize various design parameters. Additional study of both DCH and
EVE is included to provide a quantifiable measure of the risk associated with the entire
range of severe accident management in the passive ESBWR containment.

GENERAL COMMENTS

The main discussion is on the BiMAC device, and how it provides a boundary
that presumably would stop melt progression for all risk significant severe accident
sequences. The benefit of melt containment is long-term coolability, prevention of melt-
concrete interaction, and basemat penetration.

Additional discussions include containment pressurization from DCH by
pressurized vessel failure and melt dispersal in the containment, and ex-vessel steam
explosion from molten fuel interaction with pool coolant, causing explosive vapor
formation with high pressure rates.

The study has incorporated available research and resource material from the
earliest, most enduring studies, to recent experimental programs and state-of-the-art
modeling, including extensive computational methodologies, to examine potential
vulnerabilities in the severe accident management of the ESBWR. Both macroscopic and
microscopic models have been employed, where pressure transients can be tracked in
spatially uniform regions like the RPV and the upper and lower drywells, or the melting
front wall progression can be followed during molten core discharge in fine-structure
regions like the vessel breach.

The study is greatly benefited from the extensive history of ROAAM and PRA
evalualution methodologies. Geometries, material states, and various postulated events
lead to phenomenological responses, which largely fall within well-understood,
predictable behavior, making it possible to develop probabilistic ranges for the
consequences of severe accident threats to containment integrity.

One of the major pitfalls in making use of available test results is that the test
parameters may depart sufficiently from those being studied that erroneous conclusions
could result. However, it appears that this study has largely appealed to CFD and DNS to
predict conservative behavior, verifying the conservative results by comparing with data
from experiments on similar, though not necessarily identically representative systems.
For example, vent clearing time calculations are slightly longer than measured, which is
conservative, allowing higher pressure buildup in the containment prior to vent clearing.
The reason offered for a longer calculated expulsion time is that the model is based on
one-dimensional discharge of a cylindrical water column. Actually, an elongated Taylor
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bubble would likely penetrate the water column slightly faster than its full expulsion as a
cylinder. The associated hydrodynamic mass at the water column discharge end would
also be smaller for the Taylor bubble penetration. The combined effects of a longer
cylindrical expulsion time and a larger hydrodynamic mass (also longer expulsion time)
would both combine to increase the calculated vent water expulsion time.

Yes, we agree.

(General Comments), 1. Containment Performance Against Direct
Containment Heating (DCH)

It is noted that a high pressure melt eject may be avoided since the MSL could be
subjected to high temperature (z 1000 K) and undergo creep rupture, causing vessel
pressure reduction prior to melt eject. This event is considered a "splinter scenario" in
the study. However, the study examines the ESBWR design in the context of melt eject
at high pressure. The coherent molten debris jet is noted to arrive in the BiMAC region,
whereas the following steam discharge would become a supersonic jet, expanding to
about 10 times the discharge area.

The CLCH model is summarized and used to predict transient pressures and
temperatures in the containment volumes for various steam blowdown hole sizes, and
other accident parameters. Reasonable comparisons are shown with sets of available data
and corresponding TRACG computer predictions.

A simplified one-dimensional model was employed by this reviewer to estimate a
floor impingement velocity of 622 m/s, compared to 600 m/s given in the report, thus
providing a check on the CFD model employed.

The study shows that catastrophic (overpressure) failures are physically unreasonable
in the ESBWR. However, it was shown by calculation that there could be brief periods
of temperatures approaching z 4000 K in the LDW atmosphere. Since such temperatures
could cause local failure of the liner, the "physically unreasonable" conclusion is based
on the HP CPET, and the Level-3 PRA.

We are not clear about this statement. Our position is that liner failure in the
LD W space would not constitute containment failure because of the presence of
structural "lips" that provide isolation of the gap space from that of the upper
portions of the containment wall.

(General Comments), 2. Containment and BiMAC-Device Performance Against
Ex-Vessel Steam Explosions (EVE)

The accident management to avoid or minimize ex-vessel steam explosions is
noted simply that it is necessary to avoid the presence of water, or at least any significant
depth, which could cover molten core debris at the time it was ejected. Furthermore, a
demonstration that the pedestal could withstand strong pressure loads from relatively
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high melt pour rates would further confirm the passive containment function of ESBWR.
The study concluded that in all but 1% of the CDF accidents involving deep subcooled
water pools, violation of containment is physically unreasonable.

Major reasons for positive ESBWR containment functioning include the
prevention of large amounts of cold water from entering the LDW prior to RPV breach,
and the fact that molten core debris interaction with saturated water pools produces a
much softer, non-triggering-detonation steam production process. Moreover, the reactor
pedestal and BiMAC structures can resist the predicted explosive impulses obtained in
saturated pools.

Steam explosion calculations are based on verified codes, PM-ALPHA.L-3D, and
ESPROSE.m, which were originally developed for PWR accident analyses, but are
applicable to BWR melt ejection..

(General Comments), 3. Containment and BiMAC Performance Against Basemat
Melt Penetration (BMP)

The study concludes that the BiMAC device effectively contains all potential core
melt releases, assures long term coolability, prevents basemat penetration, and avoids
containment overpressurization by concrete decomposition gases. The BiMAC is an
invention of the authors, which is a robust, new feature for containment which is shown
to provide an impermeable trap for molten core debris.

The theoretical models, based on fundamental physics, have been validated and
carefully chosen within the framework of their validation. The natural convection of
molten core debris in the presence of refractory material with embedded tubes, cooled
internally with water flowing by natural circulation and boiling heat transfer is based on
an extensive history of research, skillfully woven together in the device being analyzed.

Calculated results show that the BiMAC device can be designed to work as
specified by incorporating a testing program for confirmation and optimization of the
design parameters.

CLARIFICATION COMMENTS

The following comments are offered primarily for clarification. Various readers
might miss an important point, where a few words of additional explanation could help
clarify an idea. Several suggestions are made for consistency of presentation. There are
a few typos. None of these comments signify changes that are essential to the message.
The comments are designated as (1), (2), (3),.

(Clarification Comments). Executive Summary
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(1) What about starting the Executive Summary with a statement of the
purpose, something like this:

"The main purpose of this work is to describe an invention to be incorporated
into the ESBWR design, for the purpose of robustly intervening in all risk-significant
severe accident sequences, which will present a melt-containing, impenetrable boundary,
thus assuring long-term coolability, and absence of melt-concrete interactions and
basemat melt penetration."

And then embellish with the other explanations given in the first paragraph?

This is good and correct, as BiMAC is the major highlight of this work;
however we would be misstating the purpose as it is to address severe accident
management in a comprehensive manner for licensing consideration.

(Clarification Comments), 1. Containment Performance Against Direct
Containment Heating (DCH)

(2) Page 1. 19, 15th line up from bottom, last word, "extent". Yes

(3) Table 1.4.3.4, Page 1.27, Vessel breach size should be 0.2 m (not 02). Yes

(4) Also "wetwell", not wettwell. Yes

(5) The lower drywell temperature curves shown reach about 4000 K for only
a few seconds, and then drop to a range between 1000 K and 2000 K, which
appear to reduce the yield stress of steel considerably. Is this the primary reason
the LDW liner appears to be the most vulnerable to thermal loads, according to
the summary discussion on Page 1.44? Even if molten debris is retained by the
BiMAC, a compartmentalized flow path with major flow interference to the
outside of containment is still a containment breach. A brief discussion on
interpreting the HP CPET on Page IV.3 could help appreciate its significance.

Basically it says that this release path would be negligible. Since this relates to
source terms, which is outside the scope of this report, it would be difficult to
take on this subject in isolation from the overall treatment found in the PRA.

(Clarification Comments), 2. Containment and BiMAC-Device Performance
Against Ex-Vessel Steam Explosions (EVE)

These comments pertain to consistency. Elsewhere when it is noted that a system
or operation would be either adequate or its performance would be insufficient, reasons
also were identified in brief to support the statement. Several statements in Chapter 2
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might "connect" better with the audience if an additional explanation was included.
Consider....

(6) Page 11.1. The second paragraph notes the significance of EVE in BWRs
because of mostly metallic release (which is important because of why? ... its
higher heat capacity?..).

No, it is known that metals, especially molten steel or Zirconium explode
much more readily, and energetically, than oxidic melts.

(7) Also mentioned is the significance of deep water pools (important because ???
vapor formation can reach higher pressure due to greater surrounding water
mass to accelerate?).

No, it is the inertia confinement that makes explosions more damaging.

(8) And the reactor pedestal damage of BWRs can be much more serious to
containment integrity than that of reactor cavities in PWRs (because???).

Because it is the containment boundary for the BWR, and not so for the
PWR.

(9) Also Page 11.1. The third paragraph mentions that coolability concept of a
debris bed on the LDW floor has been questioned (on the basis of?.??).

It has not been possible to demonstrate that heat generating prototypic
material pools would quench and remain coolable when submerged in water.

(Clarification Comments), 3. Containment and BiMAC Performance Against
Basemat Melt Penetration (BMP)

(10) Page 111.2 describes a 2 mm cover plate to act as a floor over the BiMAC,
which will easily be penetrated by a discharging coherent molten core jet.
The 3.5 Addendum of Page 111.3.5 notes a design change whereby a thicker
cover plate is to be used in order to protect the BiMAC from falling
mechanical objects, and yet still be penetrated by a discharging molten jet.
Has this cover plate been designed yet? How thick?

No, this is part of the detailed design.

(11) Page 111.3, 5th line up, "built". Yes

(12) Fig. 3.2.1d, "There is no other place for melt to go..." Yes

(13) Page 111.25, Paragraph (a), 2nd line "a melt a melt" (don't need both). Yes
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From: Fred Moody [fmoody@goldrush.com]
Sent: Wednesday, October 25, 2006 6:56 PM
To: Theo G. Theofanous; 'Bhatt, Sid C. (GE Infra, Energy)'
Cc: theo@engAineering.ucsb.edu; namdinh@safety.sci.kth.se
Subject: Re: Dr. Moody - ROAAM Review of "Severe Accident Management in
Support of ESBWR Design Certification"

Theo, Sid, et. al.,

Thank you for providing the responses to my review comments. Your responses answer
and explain all questions, misunderstandings, or missing information I had. My general
comment #1 was mostly a statement to expose whether or not I understood why liner
failure in the LDW was concluded as "physically unreasonable". I appreciate the further
explanation involving the presence of structural "lips".

I have no additional comments or need for further clarification.

Fred Moody
October 25, 2006
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Review of the Study,

ROAAM - Review of
"Severe Accident Management in Support of the ESBWR Design Certification"

prepared by Dr. Theo Theofanous and Dr. Truc-Nam Dinh
for General Electric Company

F. J. Moody
Consulting Engineer (GE, Retired)

827 Larkspur Lane
Murphys, CA 95247

(209) 728-1616 phone
(209) 728-1610 fax

fmoodyggoldrush.com

REVIEW SUMMARY

This review consists of two parts: GENERAL COMMENTS, which summarize
the reviewer's reaction to various sections, discussion points, arguments, and conclusions
put forth by the investigators; and CLARIFICATION COMMENTS, which are offered
for the purpose of helping to strengthen, clarify, or otherwise aid in the understanding of
various statements made in the study.

No obvious errors, misrepresentations, or non-representative application of
physical principals, fundamental theoretical formulations, accepted solution
methodologies, or established engineering practices could be identified. Although there
is usually a range of opinions on probability distributions, the blending of theoretical,
empirical, and computational models in a probabilistic framework in this study rests on a
strong foundation, which has been developed and accepted by the industry over the last
two decades of severe accident studies, cited by the authors.

The lead author of this study has demonstrated, by combining both the broad
scope of system interaction and behavior coupling with in-depth attention to fine
structure detail, that he has performed exhaustive work on "both sides of the table" as
both examiner and as examinee. Each section attempts to address potential
vulnerabilities and ascribe reasonable, defensible, supportable bounds for the conclusions
reached. Thus, the report is loaded with a tone of both responsibility and accountability.
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The main purpose of the report is to determine if the BiMAC device will present a
melt-containing, impenetrable boundary, thus assuring long-term coolability, and absence
of melt-concrete interactions and basemat melt penetration. The conclusion appears
sound that the BiMAC device indeed can be constructed, with the help of experimental
programs to optimize various design parameters. Additional study of both DCH and
EVE is included to provide a quantifiable measure of the risk associated with the entire
range of severe accident management in the passive ESBWR containment.

GENERAL COMMENTS

The main discussion is on the BiMAC device, and how it provides a boundary
that presumably would stop melt progression for all risk significant severe accident
sequences. The benefit of melt containment is long-term coolability, prevention of melt-
concrete interaction, and basemat penetration.

Additional discussions include containment pressurization from DCH by
pressurized vessel failure and melt dispersal in the containment, and ex-vessel steam
explosion from molten fuel interaction with pool coolant, causing explosive vapor
formation with high pressure rates.

The study has incorporated available research and resource material from the
earliest, most enduring studies, to recent experimental programs and state-of-the-art
modeling, including extensive computational methodologies, to examine potential
vulnerabilities in the severe accident management of the ESBWR. Both macroscopic and
microscopic models have been employed, where pressure transients can be tracked in
spatially uniform regions like the RPV and the upper and lower drywells, or the melting
front wall progression can be followed during molten core discharge in fine-structure
regions like the vessel breach.

The study is greatly benefited from the extensive history of ROAAM and PRA
evolution methodologies. Geometries, material states, and various postulated events lead
to phenomenological responses, which largely fall within well-understood, predictable
behavior, making it possible to develop probabilistic ranges for the consequences of
severe accident threats to containment integrity.

One of the major pitfalls in making use of available test results is that the test
parameters may depart sufficiently from those being studied that erroneous conclusions
could result. However, it appears that this study has largely appealed to CFD and DNS to
predict conservative behavior, verifying the conservative results by comparing with data
from experiments on similar, though not necessarily identically representative systems.
For example, vent clearing time calculations are slightly longer than measured, which is
conservative, allowing higher pressure buildup in the containment prior to vent clearing.
The reason offered for a longer calculated expulsion time is that the model is based on
one-dimensional discharge of a cylindrical water column. Actually, an elongated Taylor
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bubble would likely penetrate the water column slightly faster than its full expulsion as a
cylinder. The associated hydrodynamic mass at the water column discharge end would
also be smaller for the Taylor bubble penetration. The combined effects of a longer
cylindrical expulsion time and a larger hydrodynamic mass (also longer expulsion time)
would both combine to increase the calculated vent water expulsion time.

(General Comments), 1. Containment Performance Against Direct Containment
Heating (DCH)

It is noted that a high pressure melt eject may be avoided since the MSL could be
subjected to high temperature (z 1000 K) and undergo creep rupture, causing vessel
pressure reduction prior to melt eject. This event is considered a "splinter scenario" in
the study. However, the study examines the ESBWR design in the context of melt eject
at high pressure. The coherent molten debris jet is noted to arrive in the BiMAC region,
whereas the following steam discharge would become a supersonic jet, expanding to
about 10 times the discharge area.

The CLCH model is summarized and used to predict transient pressures and
temperatures in the containment volumes for various steam blowdown hole sizes, and
other accident parameters. Reasonable comparisons are shown with sets of available data
and corresponding TRACG computer predictions.

A simplified one-dimensional model was employed by this reviewer to estimate a
floor impingement velocity of 622 m/s, compared to 600 m/s given in the report, thus
providing a check on the CFD model employed.

The study shows that catastrophic (overpressure) failures are physically unreasonable
in the ESBWR. However, it was shown by calculation that there could be brief periods
of temperatures approaching z 4000 K in the LDW atmosphere. Since such temperatures
could cause local failure of the liner, the "physically unreasonable" conclusion is based
on the HP CPET, and the Level-3 PRA.

(General Comments), 2. Containment and BiMAC-Device Performance Against
Ex-Vessel Steam Explosions (EVE)

The accident management to avoid or minimize ex-vessel steam explosions is
noted simply that it is necessary to avoid the presence of water, or at least any significant
depth, which could cover molten core debris at the time it was ejected. Furthermore, a
demonstration that the pedestal could withstand strong pressure loads from relatively
high melt pour rates would further confirm the passive containment function of ESBWR.
The study concluded that in all but 1% of the CDF accidents involving deep subcooled
water pools, violation of containment is physically unreasonable.

Major reasons for positive ESBWR containment functioning include the
prevention of large amounts of cold water from entering the LDW prior to RPV breach,
and the fact that molten core debris interaction with saturated water pools produces a
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much softer, non-triggering-detonation steam production process. Moreover, the reactor
pedestal and BiMAC structures can resist the predicted explosive impulses obtained in
saturated pools.

Steam explosion calculations are based on verified codes, PM-ALPHA.L-3D, and
ESPROSE.m, which were originally developed for PWR accident analyses, but are
applicable to BWR melt ejection..

(General Comments), 3. Containment and BiMAC Performance Against Basemat
Melt Penetration (BMP)

The study concludes that the BiMAC device effectively contains all potential core
melt releases, assures long term coolability, prevents basemat penetration, and avoids
containment overpressurization by concrete decomposition gases. The BiMAC is an
invention of the authors, which is a robust, new feature for containment which is shown
to provide an impermeable trap for molten core debris.

The theoretical models, based on fundamental physics, have been validated and
carefully chosen within the framework of their validation. The natural convection of
molten core debris in the presence of refractory material with embedded tubes, cooled
internally with water flowing by natural circulation and boiling heat transfer is based on
an extensive history of research, skillfully woven together in the device being analyzed.

Calculated results show that the BiMAC device can be designed to work as
specified by incorporating a testing program for confirmation and optimization of the
design parameters.

CLARIFICATION COMMENTS

The following comments are offered primarily for clarification. Various readers
might miss an important point, where a few words of additional explanation could help
clarify an idea. Several suggestions are made for consistency of presentation. There are
a few typos. None of these comments signify changes that are essential to the message.
The comments are designated as (1), (2), (3),.

(Clarification Comments), Executive Summary

(1) What about starting the Executive Summary with a statement of the
purpose, something like this:

"The main purpose of this work is to describe an invention to be incorporated
into the ESBWR design, for the purpose of robustly intervening in all risk-significant
severe accident sequences, which will present a melt-containing, impenetrable boundary,
thus assuring long-term coolability, and absence of melt-concrete interactions and
basemat melt penetration. "
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And then embellish with the other explanations given in the first paragraph?

(Clarification Comments), 1. Containment Performance Against Direct

Containment Heating (DCH)

(2) Page 1.19, 15th line up from bottom, last word, "extent"

(3) Table 1.4.3.4, Page 1.27, Vessel breach size should be 0.2 m (not 02)

(4) Also "wetwell", not wettwell

(5) The lower drywell temperature curves shown reach about 4000 K for only
a few seconds, and then drop to a range between 1000 K and 2000 K, which
appear to reduce the yield stress of steel considerably. Is this the primary reason
the LDW liner appears to be the most vulnerable to thermal loads, according to
the summary discussion on Page 1.44? Even if molten debris is retained by the
BiMAC, a compartmentalized flow path with major flow interference to the
outside of containment is still a containment breach. A brief discussion on
interpreting the HP CPET on Page IV.3 could help appreciate its significance.

(Clarification Comments), 2. Containment and BiMAC-Device Performance
Against Ex-Vessel Steam Explosions (EVE)

These comments pertain to consistency. Elsewhere when it is noted that a system
or operation would be either adequate or its performance would be insufficient, reasons
also were identified in brief to support the statement. Several statements in Chapter 2
might "connect" better with the audience if an additional explanation was included.
Consider....

(6) Page 11. 1. The second paragraph notes the significance of EVE in BWRs
because of mostly metallic release (which is important because of why? ... its
higher heat capacity?..).

(7) Also mentioned is the significance of deep water pools (important because ???
vapor formation can reach higher pressure due to greater surrounding water
mass to accelerate?)

(8) And the reactor pedestal damage of BWRs can be much more serious to
containment integrity than that of reactor cavities in PWRs (because???)

(9) Also Page 11.1. The third paragraph mentions that coolability concept of a
debris bed on the LDW floor has been questioned (on the basis of???)
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(Clarification Comments), 3. Containment and BiMAC Performance Against
Basemat Melt Penetration (BMP)

(10) Page 111.2 describes a 2 mm cover plate to act as a floor over the BiMAC,
which will easily be penetrated by a discharging coherent molten core jet.
The 3.5 Addendum of Page 111.3.5 notes a design change whereby a thicker
cover plate is to be used in order to protect the BiMAC from falling
mechanical objects, and yet still be penetrated by a discharging molten jet.
Has this cover plate been designed yet? How thick?

(11) Page 111.3, 5th line up, "built"

(12) Fig. 3.2.1 d, "There is no other place for melt to go..."

(13) Page 111.25, Paragraph (a), 2nd line "a melt a melt" (don't need both)



A6. Author's response to Dr. Rashid's Comments

The initial response has led to a protracted set exchanges between the
Reviewer and the Authors that took place over a period of several months.
Two additional analysis reports were produced in the course of these
interactions, one for DYNA 3D and one by ANATECH. In addition the
reviewer submitted a previous conference paper. So as to not impede the
continuity of this portion of the report these three references are placed in
Appendices 1, 2, and 3 to this Addendum. They will be cited herein as
follows:

Appendix 1. UCRL-TR-227386
Appendix 2: ANATECH- 11-13
Appendix 3: ASME-James

A uthors' Response to Initial Review Comments

This review raises two kinds of concerns. One is in regards to a proposed scenario that
would endanger the liner following a DCH event. The other is to suggest that we ignored
a shear-plug failure mechanism that would reduce significantly the fragility of the
reactor pedestal under steam explosion loads. As explained below we find these
criticisms to be irrelevant and inapplicable.

In regards to the first concern, reviewer's speculation that an EVE can follow a DCH
event is physically unreasonable, and thus the proposed failure mechanism is irrelevant.
The full range of physically meaningful scenarios has been discussed in Chapter 1,
Section 1.4.3 Add (p. 148-149) of the report.

In regards to the second concern, reviewer's evidence (the two references sited in his
report) is not only largely irrelevant (in that the regimes of failure from high-velocity
solids impacts can be quite different from those in blast loading), perhaps more
importantly, both the evidence and the key points of his argumentation are highly
problematic as explained below. Moreover we should note that while reference 1 in
reviewer's report is shown as an ASME paper (see Appendix 3) , there is no citation
provided for it, and in any case the authors of it are seriously amiss in not referring to,
and discussing significant previous efforts and results on precisely these kinds of
problems, such as the methods of Malvar et al (1997) published in the open literature and
sited in our report! It is very possible that reviewer's judgments originate partly from
past experience with weaker structures, and by the results in his reference 2 which was
for a structure that appears to not be equipped with shear rebar! So as not to leave any
doubts about the issues, we respond both globally, in the following listing offive areas,



as well as in more narrowly aimed detail keyed to specific statements in reviewer's report
(see "Additional" heading further below).

1. Problems such as those treated in the recent paper (and presentation material) by
ANA TECH have been done successfully and in fact routinely by using DYNA3D at
LLNL for at least 20 years, and by the analyst that conducted the present work for
past 9 years. Indeed our code can address penetration-type failure modes as a
state of the art tool, all the mechanics are/were present in the calculations we
performed, and shear-plug type failure would have shown up in our results should
the conditions were appropriate for it. It did not.

2. Problems such as those considered in our report, that is shock and blast waves
from explosions in gaseous or liquid media, have been done successfully and in
fact routinely by using DYNA3D at LLNL for at least the past 20 years, and by
the analyst that performed this work for the past 9 years. These calculations are
at the state of the art, with an extensive basis of verification and experience at
their basis.

3. The Karagozian & Case concrete model (the more advanced of the two models
used in our calculations) was specifically built to perform blast calculations for
the Defense Threat Reduction Agency (DTRA) and is currently in use by blast-
effects experts throughout the country, including the Naval Facilities Engineering
Service Center, the Navy, U.S. Army Corps of Engineers, and the Department of
Energy laboratories for Homeland Security related projects. We know, this
extensive use does not make it right, but nor would it be appropriate to dismiss it,
as the reviewer is apparently comfortable in doing, simply on the basis of
unsupported extrapolations from a poorly documented (all relevant equations and
algorithms are missing), inappropriately attributing (significant previous work is
not discussed in relative merit for the reader to understand if any new
advancements are offered), and unpublished paper.

4. For both the loading and structural analyses we have opted for calculations that
emphasize the representation of detail in the simulation rather than the full 3D
and temporal incoherencies of loading. This is clearly conservative! In particular
the steam explosion calculations were done for a 4 m in diameter domain as
compared to the 10 m in diameter lower Drywell. This reflects well load
proximity, since as a rule we would expect the interaction zones to be off-center
and perhaps close to the wall. Also by doing the calculation in 2D (at a much
finer nodalization than possible in 3D) we can capture well the wave dynamics
without excessive numerical diffusion. However in this way we impose artificial
coherence in loading since in reality it would take 5 ms for a pressure wave to
reach from one end of the LDW to the other. Thus the loading in reality is spread
in both space and time. In the structural calculations we emphasized the explicit
and detailed representation of the rebar in a 3D, 450-segment (with correct
symmetry conditions applied) calculation. We applied the loading coherently over
the whole "wetted" surface area of the wall, rather than representing the above-
described 3D space-time incoherencies. We believe this treatment engenders
additional margins to the fragilities given in the report, which therefore can be
regarded as conservative.



5. We have clearly stated in the original report that "The calculated strains show
that at the upper end (600 kPa s), there is incipient liner failure. At the same time
the concrete seems to have suffered sufficient damage that it can be considered
near the end of its load-bearing capacity.....and.. .It is clear that there is
significant benefit from the improved model, and that the previous, general
understanding that failure can be expected at -100 kPa s, at least for the ESBWR,
needs to be revised upwards to -0.5 MPa s." and we stand by this statement.

Additional, more detailed comments on selected reviewer's points

1. "The evaluation of structural capability to probabilistically resist failure during an EVE
event is based on dynamic analyses of a segment of the LDW under postulated pressure
pulses, in the shape of a triangle 3ms wide at the base, of impulse values ranging from
150 kilo Pascal second (kPa.s) to 600 kPa.s. These values of impulse momentum are
equivalent to peak pressures in the range of 100-400 MPa. Using a failure criterion of
liner rupture at a strain value of 30%, the authors conclude from this analysis that the
limit capacity of the containment is 400 MPa, or an impulse momentum of 600 kPa.s."

We disagree with every one of these statements.

We did not vary only pulse amplitude, we have said nothing about limit capacity
of 400 MPa, and did not ever imply that "these values of momentum are
equivalent to peak pressures in the range 100-400 MPa ". In fact momentum
cannot be equivalent to pressure! For the class of impulses such as those under
consideration here (steam explosions, ms-scale durations, kbar-scale amplitudes),
the fragility is expressible as a function of impulse and this is all that is required
to assess failure. Also, Figure 2.4.5.1 shows clearly that based on the incremental
impulse applied in our calculations, structural failure would be expected not at
600 kPa s, but somewhere between 450 and 600 kPa s.

We did not use, nor did we imply the use of a liner strain as a failure criterion
alone. As stated in the report and as shown by our results, and our interpretations
of these results, we also considered the degree of damage to the rebar, as
expressed by peak strains and the distribution of these strains through the wall
thickness, as well as the degree of damage to the concrete by cracking, and the
distribution of this cracking through the wall. It should be obvious that both
resistance to deformation and energy dissipation in the wall are the result of the
cooperative response of rebar and concrete to loading, and our detailed
representation of this heterogeneous structure in the calculation (we did not take
the simpler and more commonly found approach of a homogenization-based
treatment) is responsive to this representation need (for accuracy). As far as
failure criteria, we made the standard assumption that the rather ductile carbon-
steel material used for both the rebar and the liner would fail somewhere in the
20 to 30% strain-range. For concrete, cracking is shown explicitly by the code.



It so happens in the present structural responses that all these criteria are
approached essentially simultaneously, and this we have tried to show in the
report by means of the figures (material damage maps) and related discussion.
One may quibble about some 100 kPa s one way or another, but there is just no
way to assume containment failure for this design at 300 kPa s, much less so at
the 100 KPa s value quoted by the reviewer. Indeed considering all conservative
elements introduced in the analysis we believe the early rise of the fragility curve
is well represented in Figure 2.4. 5. 1.

2. "A criterion for shear failure in reinforced concrete structures subjected to impulsive
loading, developed by ANATECH and validated using test data (see References), is a
normal strain of 0.5% across a shear plane through the wall. Clearly, at a global
breathing-mode hoop strain of 30% predicted in the report, the 0.5% criterion must have
been violated at much lower impulse levels, (see later comment)."

To achieve a shear failure like the one the reviewer is talking about, it is the
author's opinion that the percentage of rebar would have to be much less than
what is currently in the EVE wall design. In the present case our structure is not
only very heavily reinforced, it is also equipped with shear rebar! If the rebar
does not fail, the concrete is still confined just like it would be after a large
magnitude earthquake for a well-designed spirally reinforced concrete column.
In our analyses we look at the damage states, considering all active mechanisms,
and we also look at the final state, such as velocities, to be sure inertia effects
have died out.

3. "The pulse loading used in the report has a triangular shape with 3ms pulse width at
the base. Usually, when one attempts to carry out a failure analysis of any structure
under impulsive loading, the first thing one does is to investigate whether the loading can
be treated as a static loading, which is more damaging but much simpler to deal with
numerically, or whether explicit-dynamics analysis should be used. A simple criterion
for judging which to use is to calculate the fundamental period of the structure, or the
period of the expected deformation mode that could lead to first failure. A rule of thump
would be, that for pulse widths less than 10% of the period, explicit-dynamics analysis
would be appropriate; higher value than that would begin to introduce errors in the
results. For the structure at hand, we calculate a breathing-mode period of about 12ms,
assuming an open cylinder. The actual structure is much stiffer than an open cylinder
because of the base-mat, with the loading being very close to the base-mat. This means
that the fundamental period could be much smaller, perhaps by a factor of 2, i.e.6ms
instead of 12ms. Therefore, the 3ms time duration of the pulse, which is half the
fundamental breathing mode, puts the applied pulse well outside the dynamic domain,
thus making it much more damaging."

This is erroneous. An explicit-dynamics analysis such as done by us in this work
involves no assumptions of such kind and it is the most accurate compared to any



other type of calculation, for such kinds of loadings. Surely care was taken to
ensure that the analyses in question were run out far enough to capture all the
important aspects of the response.

An implicit code with dynamics turned on should achieve the same results as an
explicit-dynamics calculation. Actually, the implicit code may produce errors if
the time step within the implicit code is not chosen appropriately, so that all of the
important dynamics are included within the simulation. The reviewer's comments
about static calculations and comparisons between pulse-widths and natural
frequencies of structure are puzzling and inappropriate to say the least.
Remarkably, the reviewer's own calculations in his reference 1, were done with
the explicit version ofABAQUS.

4. "In view of Comment 3 above, none of the calculations depicted in Figures 2.4.4.3 and
2.4.4.4 can be relied upon as a realistic simulation of structural behavior, not to mention
the competence of the concrete constitutive model at the level of deformations depicted
in these figures."

We completely disagree. In addition to our many comments above on this
criticism the reviewer might also like to examine the paper by Malvar et al
(1997), sited in our report.

5. "It is noted, parenthetically, that most axi-symmetric calculations, including those in
the report, are capable of producing global strains only."

Our report is quite clear that the calculations were done in 3D, and in great
representational resolution of the structure.

6. "In this reviewer's opinion, based purely on experience and not direct computations of
the cases considered in the report, narrow pulses of 100 kPa.s, would be the appropriate
failure boundary for the pedestal wall, as would be judged by the shear-based criterion.

...... Based on these estimates, it is clear that structural fragility shown in Figure 2.4.5.1
is significantly over-estimated."

We completely disagree with this estimate as elaborated above. We like to note
that we find reviewer's admonition to "resist temptation being overly optimistic"
not appropriate. Responding in kind we suggest that he better resist temptation to
extrapolate from "experience" especially when this experience is extremely
limited as already explained in our report.



Reviewer's Rebuttal to Author's Response

Reviewer's Response to Authors' Response

it should be stated at the outset that the tone and content of the author's response to
the original review comments were most disconcerting. Instead of providing
technical arguments to address the issues raised, the author chose to impugn the
reviewer's knowledge and experience, a behavior quite worthy of the proverbial "if
you don't like the message, shoot the messenger ".

Whether the author agrees or disagrees with the review findings, the ultimate arbiter
is the USNRC. It is certain that the NRC will enlist reviewers, who are generally
skeptical of computational modeling but well versed in concrete structural behavior,
and who will use the Sandia Containment Workshops information, (see comment 2
below), to challenge the author's results and conclusions. Juxtaposing the author's
conclusions against the vast amount of contradictory experimental evidence that is
known to the NRC staff, the author's plan of relying only the extensive use of the
Karagozian & Case SKC and IKC models by the Defense Threat Reduction Agency
(DTRA)... etc, as a response will not likely be convincing to the NRC staff.

In the brief teleconference to discuss the author's response to the review comments,
the reviewer was asked to provide more supporting evidence of his views, hence the
present response. However, considering the dismissive manner in which the original
review comments were treated and the author's expectations expressed during the
teleconference, this reviewer considers the review exchange to have reached an
impasse. However, the following comments are provided to further expound on the
original review.

1. The original review was aimed at the structural engineering interpretation of the
analysis results relative to the actual failure behavior of concrete structures, (see
further discussion in the comments below). However, in the response to the
review comments, as well as in the analysis report, the author treats the
Karagozian & Case (K&C) concrete constitutive model as a complete predictor
of "structural failure", and, therefore, no further interpretation is needed. If the
author insists on this stand that the analysis using the K&C model will predict all
structural failure modes, he is in effect placing the total burden on the
software, and this would invoke the need for an independent review of the
K&C model as a predictor of all "structural failure" modes. The original
review comments considered a peer review of the concrete constitutive modeling
methodology to be outside the scope of the review, and concentrated on the
interpretation of the analysis results relative to true failure behavior of concrete
structures relying on expert knowledge and experimental, evidence. However, if a
review of the Karagozian & Case model becomes an issue, the developers of the
model will be involved, not the author.



2. The reviewer believes that it can be shown that the structure has sufficient margin
against leakage and burst failure under the loading challenges shown in the
computer simulations of the two events, DCH and EVE. However, with respect
to fragility estimates, this reviewer is of the view that the author's conclusions are
not realistic and need to be more conservative. The author demanded specific
proof of this opinion, which amounts to a request for proving the negative. In
response, this reviewer can only point to the vast amount of literature on reactor
containments, e.g. Division H of the SMIRT Conferences, the NED Journal, and
best of all, the series of Containment Workshops conducted by Sandia National
Laboratories in the eighties and early nineties, which discuss test results and
analytical predictions. Sandia's Fourth Workshop on Containment Integrity,
NUREG/CP-0095, SAND88-1836, June 14-17, 1988, is particularly instructive,
See the paper by Dan Horschel, page 325, discussing the result of the 1/6 th scale
model test by Sandia; the liner in that test fractured at a far-field strain in the liner
of under 1.5% -- the global vessel radial displacements was less than 1%. See
also the paper on Page 507 in the same proceedings for relating local to global
strains and liner leakage criteria. The 1/6th scale model results are not an
aberration but rather representative of other test results and predictions and are
used by the NRC in assessing structural performance. It is relevant to point out
that the thicker the structure, the stronger the discontinuities become and the
lower the far field strain at liner failure. Relying totally on global deformations,
the 1/6th scale model test and other steel-lined containment structures would be
limited in their leakage capacity to average wall deformation in the breathing
mode of about 1%. The analyses under review claim liner integrity up to 30%
wall deformations.

3. The author may disagree with the applicability of the literature data cited above to
the fragility calculations he is performing, which he would then be required to
prove the negative.

4. The global analysis results on which the fragility analysis is based do not include
the effects of discrete cracks and liner-concrete anchorage system, and
consequently cannot stand alone when judging failure, but rather must be
interpreted in conjunction with structural failure criteria ranging from local liner
rupture to global shear failure. This has to do with discrete cracking, liner-
concrete anchorage system, and other finer details not captured in the analysis.

5. With respect to shear failure, which is a global structural failure mode, it is
common knowledge that R/C structures most often fail because of loss of section
shear capacity due to cracking. There are many examples of beam column
connections in buildings, bent supports for freeway bridges, and even simple
beam components where section shear failure occurs before the rebars even reach
yield. An analogy can be drawn with brittle fracture in steel components where
catastrophic failure of the structure occurs before yielding in the material. This is
not captured in a global model of the structure or component because the fidelity
of the modeling does not include the small flaws that lead to the brittle fracture of



the material and the constitutive model used for plasticity of the steel is not
equipped for this type of failure mode. Thus, the reviewer believes that the author
must provide evidence, based on structural engineering assessment of the analysis
results, that a sudden and brittle shear failure of the pedestal wall would not occur
before the damage levels shown in the analyses, which are considered to be the
limit states of the structure.

6. Again, the concrete analysis methodology used by the authors, irrespective of
whether the concrete constitutive model is SKC, IKC or some other model, was
not the subject of review. Any remarks made by this reviewer aimed at the
analysis model were directed to the smeared-cracking methodology and its
limitations in general, and are not based on the technical veracity of the K&C
concrete constitutive model. Therefore the performance of the K&C model
should be placed outside the scope of this review, by both the author and the
reviewer. However, because of the author's response in this regard, it is noted
that considering the results reported in Figure 2.4.4.4, which shows very
significant differences in concrete performance between the SKC and IKC
models, the NRC may ask about the difference in these models and which one
better represents true concrete performance. If the SKC model is so widely
accepted as a predictor for "structural failure", why is there an "improved" model
that appears to have a very significant increase in structural capacity?

7. An important point of discussion in this response is to comment on the role of the
time duration of the pulse on fragility analysis. Since the author elected to use an
arbitrary value that ranges from 3ms to 6ms, one should ask the question: For
pulses with equal impulse, is the damage imparted to the structure independent of
the duration of the pulse? The answer to this question is a qualified no, with the
qualification being the range of variability of the pulse durations relative to the
fundamental period of the structure. For example, the breathing mode period for
a long open cylinder, of similar properties and dimensions to the structure at hand,
is about 12ms, (it could be 8ms or less for a short cylinder fixed at one end), and a
3ms pulse is small enough. However a 6ms pulse is beginning to approach
resonance with the breathing mode, and one would expect that structural damage
would be greater for the 6ms pulse than for a 3ms pulse of equal impulse.
Supporting evidence can be seen in the author's own results. In Figure 2.4.4.4,
Case-d and Case-fuse the same concrete model, namely IKC, and have equal
impulse but different pulse widths; but Case-f with 6ms pulse width shows higher
damage than Case-d with 3ms pulse width. Incidentally, Cases e andf seem to
be miss-labeled. Case-e should be labeled Case-f and visa-versa, otherwise the
damage pictures don't make sense. In either case, however, the above argument
still holds. It is the reviewer's view that, although impulse-based fragility limits
obtained with wide pulses are conservative, the fragility of the pedestal wall to
EVE should be based on pulse widths that are compatible with the anticipated
loading to avoid unnecessarily high, but unknown, level of conservatism.



8. The discussion under Point 8 above means that the structural capacities computed
using 3ms pulse duration, which is small compared to the fundamental period, are
compatible with the expected dynamic loading challenges, i.e. the simulations in
Figures 2.4.3.4 and 2.4.3.5. The 3ms pulse width is currently being used by
ANATECH in an analysis of the structural capacity under impulsive loading,
which is currently underway. When completed, this analysis will throw further
light on the issues discussed above, and may moderate some of the reviewer's
conclusions. However, it is the judgment of this reviewer, based on engineering
judgment and computational modeling experience of concrete structures, that
ANATECH's analysis results, and interpretations, will result in lower but
sufficient margins for the pedestals leakage and burst failure modes. Relative to
the analyses under review, the fragilities derived fromANATECH's analysis
would constitute a lower bound capacity for the structure.



As a result of the above interaction it was agreed that more detail be
provided for the DYNA 3D calculations and that ANA TECH

perform independent calculations using own numerical tools. The
results are documented in Appendices 1 and 2 respectively.

Third Round of Reviewer's Comments

Reviewer's Closing Comments on Ex-Vessel Steam Explosion Analysis
Contained in Report GESB-SR3-2006-0017

Background

This document constitutes the third, and final, set of review comments on the subject
report; the two previous comments were issued on September 13 and October 11, 2006,
respectively. The main point made by the reviewer in the two previous review
documents is that the authors used failure criteria that are not appropriate for concrete
nuclear structures designed to contain radioactivity release to the environment during
accidents. The authors compared the globally calculated (far-field) strains directly to the
ductility limits of the reinforcement and the liner, ignoring strain concentrations at local
discontinuities, and totally missed investigating the most likely failure mode, namely
shear dislocation at the wall-basemat juncture. The reviewer's findings are supported by
ANATECH's recently completed analysis of the ex-vessel steam explosion event, which
showed lower, but adequate, margin based on considering the possibility of shear failure.
A summary of ANATECH's analysis is presented below.

Summary of ANATECH's Analysis of Ex-Vessel Steam Explosion

The analysis objective was to determine the magnitude of the impulse at which the
pedestal wall, as the containment boundary for this severe accident, would experience
structural failure. Structural failure here is defined as sufficient structural damage
resulting in a breach of the containment boundary. Failure analysis methodology, as
generally practiced by ANATECH, is to carry out a two-tier analysis: a global analysis
followed by highly detailed modeling of a cut-out section surrounding a local
discontinuity using boundary conditions from the global analysis. In the present case,
however, it was obvious from the structural configuration and the geometry of the
loading area that shear failure at the wall-basemat juncture and/or at the periphery of the
loaded area would govern the structure's response. Shear failure, being a structural
failure mode as compared to local tearing of the liner, is a global behavior mode, and
consequently can be evaluated using single-tier global analysis.

Explicit dynamics analyses were performed using the ANACAP concrete constitutive
model coupled to the ABAQUS/Explicit finite element software. A 1/8 symmetric model



that includes an equipment hatch penetration is used, as shown in Figure 1. The concrete
elements are modeled with 8-node brick elements with reduced integration (one
integration point per element). Plate bending elements are used for the liner and the steel
components of the equipment hatch. The liner is modeled as "glued" to the concrete
surface without including explicit modeling of the anchorage system. All reinforcement
shown in the figure is included as truss-like steel elements embedded within the concrete
elements.

The impulsive pressure load was characterized by a triangular shaped time history having
a rise time of 0.2 ms to reach the peak pressure and then a linear decay back to zero
pressure at 3 ms. The pressure pulse is assumed to occur over a height of 2.6 m from the
top of the basemat as representative of the depth of the water pool in the bottom of the
lower drywell. The pressure time history is applied uniformly over this height and
around the circumference of the inner surface of the pedestal wall. The BiMAC device
and associated cover concrete is ignored.

Best estimate or expected values for material properties are employed. For example, the
expected 28-day compressive strength of the concrete is used, enhanced by 25% to
account for high strain rate effects. No increase for dynamic loading in the best estimate
steel properties is included. The material properties used in these analyses are
summarized in Table 1.

Table 1. Summary of Material Properties

Material Property Units Value Material Property Units Value

RCCV Concrete (5 ksi) A615 Grade 60 Rebar
Compressive Strength MPa 54.75 Elastic Modulus GPa 203.4
Strain at Peak Comp % .19 Poisson's Ratio -- 0.289

Elastic Modulus MPa 35026 Yield Stress MPa 473.1
Tensile Strength MPa 4.67 Tensile Strength MPa 724.1

Fracture Strain (xE-6) -- 133.2 Elongation % 12.5
Poisson's Ratio -- .22 SA516 Grade 70

Basemat Concrete (4 ksi) Elastic Modulus GPa 203.4
Compressive Strength MPa 43.80 Poisson's Ratio -- 0.289
Strain at Peak Comp % .19 Yield Stress MPa 335.3

Elastic Modulus MPa 31328 Tensile Strength MPa 531.3
Tensile Strength MPa 4.02 Elongation % 20.3

Fracture Strain (xE-6) -- 128.3
Poisson's Ratio -- .22

A series of deterministic analyses were conducted, based on a 3ms pulse duration, for a
range of increasing pressure impulses, namely 75 KPa-sec (50 MPa peak pressure), 100
KPa-sec (66.67 MPa peak pressure), 125 KPa-sec (83.33 MPa peak pressure), 150 KPa-
sec (100 MPa peak pressure), and 175 KPa-sec (116.67 MPa peak pressure). Figure 2 is
a contour plot of the minimum principal stress in the concrete elements at 2 ms for the



125 KPa-sec case. This illustrates the distribution of compressive stress in the concrete
and shows the compressive arch action through the wall as the load resisting mechanism.
The concrete just reaches its compressive strength on the inner face around 2 ms, but the
compressive struts continue to have sufficient strength. Figure 3 plots contours for the
maximum principal strain in the concrete at 3 ms for this case. The contour limits have
been set to illustrate the areas where cracking damage has occurred. This plot shows
significant cracking along a shear plane at the bottom of the wall.

As already mentioned, shear failure at the wall-basemat connection was identified as the
most likely failure mode for the pedestal wall. The shear failure criterion applied in the
analysis evolved from long experience in concrete structural modeling and analysis
utilizing the ANACAP concrete constitutive software, supported by experimental-
analytical comparisons (see James and Rashid, 6th European Conference on Structural
Dynamics, Paris, 2005, and James et. al., NUREG/CR-6639 and NUREG/CR-6707). The
shear failure criterion states that structural shear failure can occur if the shear strain
acting on a cracked plane across a wall reaches a value of 0.55% or higher. Figure 4,
shows a contour plot of shear strain in the concrete at 3 ms for the 125 KPa-sec Case. A
detailed examination of the section shows that the critical level of shear strain does not
quite penetrate the complete section. This is interpreted to mean that at this level of
pressure impulse, there is a finite chance for the formation of a shear dislocation mode
leading to liner rupture and loss of containment.

Figure 5 shows contours of the accumulated plastic strain in the liner at 3 ms for this load
condition. A peak plastic strain of 1.1% has developed along the connection of the wall
with the basemat. This level of plastic strain obtained in a global analysis would
normally trigger a second tier detailed local analysis to determine the amount of strain
concentration; however, there is no need for such an analysis in the present case because
liner rupture would immediately follow as a result of shear dislocation. Based on the
median value of the section shear strain limit considered and extrapolating for the
complete section shear extent, the median value of the pressure impulse having a 50%
probability of failure is determined to be 135 KPa-sec for the 3 ms pulse duration
considered. Similarly, pressure impulses above 150 KPa-sec would have a high
probability of causing the shear failure described. The possibility exists for a second
shear plane forming at the top of the loaded area extending upward across the wall to the
elevation of the bottom of the penetration.

It should be noted that at the levels of loading described above, the shear dislocation
modes predicted do not constitute catastrophic failure of the pedestal wall; however, the
large cracks through the wall and the shear distortions along the shear plane, combined
with the certainty of consequential liner rupture, would form release mechanisms and loss
of containment function.

Reviewer's Closing Comment

The report under review concludes that there is no possibility of failure for an ex-vessel
steam explosion event delivering a specific impulse of 400kPa.s to the pedestal wall.
Considering the veracity of the analysis results described in the report in depicting the



true structural failure behavior, this reviewer disagrees with this conclusion. It is the
reviewer's opinion that a breach in the containment system at a much lower specific
impulse will likely occur due to a shear dislocation/failure mode that apparently was not
considered in the analysis.
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A Series of Closing, Short Exchang-es

2/12/2007

Reconniendations for Resolving ROAAM Review Issues
with EVE Analyses Performed with Dyna3D

The following specific issues are identified with the Dyna3D analysis of the pedestal wall used
to establish the capacity of the structu'e to ex-vessel steam explosions. The main point of
contention is the failure mode of this structure and the level of damage needed in the PRA. The
Dyna3D analysis appears to be identifying the specific impulse that will totally fail the wall
(resulting in collapse of the structure) due to a ballooning mode where the structure undergoes .3
to .5 meters of uniforn radial deformation before "blowing apart". It is ANATECH's contention
that a shear failure mode will develop before these radial deformations are realized where shear
deformation or slippage along a shear plane will occur causing liner tearing and a breach in the
containment boundary but not total failure of the wall. The level of specific impulse sufficient to
cause this shear failure and leakage should be identified rather than that level leading to total
failure and collapse of the pedestal wall.

1. Boundary conditions that artificially restrict the defornation should not be applied in a
structural analysis at the location of a potential structural failure. It would be better if the
fixed boundary condition imposed across the base of the pedestal wall is removed and the
actual geometry of the wall and basemat connection is included in the model. The analytical
boundary conditions should be applied away from the critical sections of interest so as not to
influence the structural response.

2. The main concern is that the large radial deformations calculated in the Dyna3D analysis for
the thick R/C concrete structure cannot be supported without shear failure (slippage) in the
wall and limier tearing. At the 200 KPa-sec impulse level, the Dynia3D analysis shows a
calculated hoop strain of about 6% in the inner hoop bars (radius -5.6 in) and about 4%
strain in the outer layer of rebar (radius -8 in). This corresponds to a radial deformation of
the wall of about .3 meter relative to the fixed base. The analysis shows that the concrete is
completely damaged throughout the thickness of the wall without any remaining strength.
Yet, the evaluation of the Dyna3D analysis has concluded that no damage (or even a
possibility of damage) occurs even for 400 KPa-sec load. Based on the Dyna3D analysis
results described in UCRL-TR-227386. ANATECH would conclude that there is some
possibility of a shear failure and liner tearing in the pedestal wall at 200 KPa-sec load. The
concrete damage identified by Dyna3D (no remaining strength through the wall thickness) is
perhaps another way of saying that the concrete has lost its shear capacity. Shear failure in
R/C structures is knowni to be sudden and brittle. This will lead to some shear slip
deformation in the wall, and the thin steel liner attached to the concrete with ancholr wSill
then undergo shear deformation resulting in tearing of the liner. To resolve this issue.
justification, in the forn of structural test data, is needed to show that such stiff, reinforced
concrete structiunes can deform to such an extent (2.5 m thick circular wall defornning .3 nl
over -I m in height) without suffering a shear failure. It is also noted that the deformations
for the 400 KPa-sec case would be much larger than this.

3. While ANATECH believes that section shear failure in the concrete wall and liner tearing
will occur before rebar rupture, the failure criterion of 20% strain used by UCSB for rebar
rupture is considered an un-conservative assunmption. in our opinion, the failure criteria for
rebar used in the assessment of the strnctural performance should be limited to 5% plastic
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strain. The elongation limit for Grade 60 reinforcing bars is 12% strain. A strain limit of 5%
(tension) for rebar is reconunended as the failure criteria to account for strain concentration
factors that will develop in the rebar at the discrete cracking locations, which are not included
in the Dyna3D modeling. A calculated plastic strain of 5% will correspond to a physical
strain sufficient to rupture the rebar. This failure criteria for rebar rupture has been peer
reviewed and accepted for airplane impact studies at NPP's and is supported by EPRI and
NEI in recoimmendations to the NRC.

4. The failure criteria of 30% strain in the liner used in the Dyna3D analysis is considered un-
conservative (excessive) and is also an issue of concern to the NRC. The uniaxial elongation
limit for A516 Grade 70 material is 20% strain. The liner is subjected to biaxial loading
which is known to reduce the ductility of the material by at least 40%. In addition,
reductions on the calculated strains are needed because the Dyna3D modeling does not
include the embedded anchorages attached to the liner and to account for the reduced
ductility of the heat affected zones at the welds as identified in the NRC review. Therefore,
it is recommended that a calculated plastic strain of 8% in the liner be considered as the
initiation of tearing in the liner. The NRC appears willing to accept 11% plastic strain as the
rupture limit. Note that these reductions in the calculated plastic strain limits for rebar and
liner would indicate that there is some chance of breaching the containment boundary at 200
KPa-sec for the Dyna3D analysis, even though the shear failure mode is not captured. This is
more in line with the ANATECH position that the loss of capacity due to concrete damage
will lead to a shear failure and rupt-ure of the liner.

Author's Comment on ANA TECH Analysis

COMMENTS ON THE ANATECH ANALYSIS OF STEAM EXPLOSIONS FRAGILITY
OF ESBWR PEDESTAL WALL

The simulation approach and material data used by ANATECH are similar to ours and so are the
results. The difference is in the interpretations, and here we find considerable confusion in
regards to their position. To clarify the issues we need responses to the following:

1. From the original review there is a clear implication that "failure" is expected by them at
-150 kPa s and it is by creation of shear plug; that is a hole through the pedestal wall. On
the last figure of their analysis report they state fragility to "leakage". In the original
review we were criticized by "The report implies that the applicable failure criterion is
that of leakage rather than catastrophic failure." What is the clear position, one, the
other, or both?

2. In response to a query we learned that the ANATECH model has not been verified with
blast effects experiments on reinforced concrete walls. Noting essential differences in
behavior between blast and penetrator loading tests, and reiterating our previously
described experience with checking predictions against blast tests, we suggest two
specific tests of great relevance for ANATECH to attempt. One is from the DTRA Divine



Bufallo test series (test 20 in particular). The other is a verification case done by K&C for
some DTRA tests involving internal explosions (both cased and uncased) inside bankers
with thick reinforced concrete walls. We use the same model (so-called improved K&C
model) and the same code (DYNA3D) as K&C used in this verification exercise. In all
cases the results are excellent, and the fact that multiple organizations have supported
(independently) these verification activities adds significantly to the reliability and
robustness of the interpretations of results obtained with these tools.

3. Also of interest would be the soA-called Precision Wall Tests (PWT), a series of 4 tests
involving blasts inside a banker geometry (1/4 scale) with reinforced concrete walls of
thickness varying from 4 to 9 inches, and different amounts of explosive. One of these
tests produced failure, the others did not. DYNA3D with K&C gave excellent results.
Most interesting and pertinent is that this one failure was of the type suggested by
ANATECH-a shear plug at the wall-floor joint-however this was a cold joint as a
result of pouring separately, and it had to be modeled as a freely-sliding surface.

While the above are the crucial considerations, we can also point out to several other items of
relevance.

1. As a result of bimac, there will be shock-absorbing material on the pedestal wall and
especially around the wall-floor joint which have not been modeled. Also the liner at this
comer, buried under the bimac, will be optimized against local strain effects. In other
words this is the location least expected for the liner to crack.

2. Because the LDW is submerged under water, and as the intent of the passive design is
that it will remain submerged (for bimac to function), liner cracking is not an appropriate
containment failure criterion under steam explosion loads. This is why in the report we
focused on structural integrity of the wall. It should be kept in mind that, as we noted in
discussing LDW liner failure in DCH, that there are "lips" that compartmentalize the gap
space behind the liner, so again, liner failure is not an appropriate containment failure
criterion.

Author's Comment On ANA TECH Recommendations

EVE Issue Resolution

RE: Recommendations for Resolving ROAAM Review Issues with EVE
Analyses Performed with Dyna3D: Note Dated 2/12/07

As indicated by subject Note the ANATECH position is now focused on liner tearing, not
on wall failure. This removes a major difficulty we had in understanding their concerns
about "shear plug failure"--blowing away a shear plug, which we just could not follow at
all. Now it is easier to communicate, and I think on this basis the issue between us has
become easier to resolve.



The structural modeling by LLNL was done on the basis of my vision about what we are
looking for, and this was structural failure, loss of wall load-retaining capacity, and NOT
liner tearing on a "singularity" at the wall-floor junction. This view then also defined the
manner in which we examined the results of the calculations, as well as the determination
of fragility. In this view we are looking for the combined presence of large liner strains
(so as to reach tear) and loss of wall retaining capacity (so as to allow through-paths). It is
noted that this ESBWR wall is very heavily reinforced.

The reason we do not care, and continue to not care, about the singularity just mentioned
is that rather than the "fill" by sacrificial material originally envisioned for the ESBWR
lower DW, we have the BiMAC as explained in the report under review by the expert.
Therein it can be seen that in fact the singularity is alleviated by several mitigating
features already quite clear from the conceptual design'. Moreover, it should be clear
from the report that the final design is awaiting testing (of the thermal performance), and
that we have considerable latitude in this detailed design to make it structurally more
favorable to both thermal and structural capacity. One could possibly suggest that
confirmatory calculations with the as-designed structure would be a good idea, but we do
not think it would be a good idea to give away clear margins on the basis of the basis of
calculations that ignore these singularity-relieving features.

So, in conclusion we do not agree with the suggestion made in referenced document, and
instead we ask, for the benefit of ESBWR, that our position on failure, and strategy of
assessing, be kindly reconsidered by both the expert reviewer and by GE. After (if) we
converge on the matter of where to look for failure we may wish to revisit the specific
liner failure criteria to be used.

T. G. Theofanous

Reviewer's Response

Gentlemen,

The review comment below is in response to Theo's request in the attachment.

(1) The main question is to define the Failure Mode and the corresponding Failure
Criterion by which the EVE event has to be judged.

(2) The pedestal structure is the primary containment boundary for the EVE event in the
sense that the loss of its containment function, constitutes "Failure". Consequently,
Leakage is the only acceptable Failure Mode, and Liner Fracture is the applicable
Failure Criterion

In fact the BiMAC pipes that line both the side-wall and the floor would allow a significant cushioning of

the structures in an integral sense too.



(3) Liner Fracture is not predictable by analysis directly, not even by local-effects
analysis, but is inferred from the far field strain using empirically based strain
concentration factor. This has been shown, with no evidence to the contrary, by small-
scale and large-scale containment tests, as well as local-effects panel tests. Highly
qualified World analysts, using highly detailed finite element calculations, failed to
predict Liner Failure directly. Detailed global finite element calculations can only
change the value of the strain concentration factor, and only by small amount.

(4) In detailed finite element calculations, strain concentration factors in the range of 3-5
are achievable, based on the vast amount of experimental and analytical literature. In
contrast, UCSB analysis use a strain concentration of unity.

(5) I would not characterize the shear failure as a Singularity. The word Dislocation
would be more appropriate. Experience has shown that similar Dislocations always
resulted in liner rupture.

(6) Finally, if Leakage is the Governing Failure Mechanism, then Liner Rupture has to
be judged by the far field strain, calculated in global model, multiplied by a valid strain
concentration factor. In UCSB's calculations, which are global, albeit detailed,
calculations, a specific impulse producing a far-field strain of 8-9 %, implying a strain
concentration factor of 3, would be acceptable.

Thank you.
Joe Rashid

Author's Comment

Dear All,

This is clear and to the point. The Important point is #6, and it is acceptable to me.

As explained in my previous note, by "singularity" I mean the floor-to-pedestal junction, and my
point was that since this area is going to be "buried" deeply in the BiMAC, we should be looking at
liner failure everywhere else but this spatial singularity. A far-field strain of 8-9% sounds
reasonable to me on this basis.

Would you please be kind enough to confirm? If this understanding is correct we are done!

Thank you,

Theo



Final Comment by Reviewer

All,

A word of caution. The "far-field strain" criteria I described in my previous e-mail is
only applicable if it is the earliest failure mode, i.e. another earlier failure mode must be
shown not to exist. The UCSB calculations under review impose full constraints at the
base of the wall. The only possible failure mode for such a configuration is Shear
Failure, which precedes failure in the far field. Therefore, the conditions for applying the
far-field criterion do not exist in the present UCSB calculations.

Joe

Final Comment by Authors

This is quite clear, and so will be assessed with the actual geometry when the
design is finalized, taking care of any singularities as noted above.



Comments by Joe Rashid

on

GESB-SR3-2006-0017: "Severe Accident Management in Support of the ESBWR
Design Certification" by Theofanous and Dinh.

Introduction

The following comments deal with the structural evaluation of two of the postulated
accident events, namely DCH and EVE. The reviewer understands this to be a review of
work in progress, which means that a re-evaluation of ESBWR's structural response to
DCH and EVE may be re-done. Consequently, some recommendations are given to help
in this regard.

Review Comments on DCH

This reviewer agrees with the conclusions drawn by the authors from their analysis of
DCH, namely that containment failure during the DCH event would not be expected.
The reviewer reinforces this conclusion by examining the event temperature and pressure
time histories depicted in Figure 1. This figure is a plot, (constructed by the reviewer
from information provided to ANATECH), of the normalized temperature and pressure
time histories during DCH. The starred points on the temperature and pressure curves
correspond, approximately, to the temperature in Figure 1.4.4.3-left in the document
under review. However, it is not clear from GESB-SR3-2006-0017 that the DYNA3D
analysis considered the simultaneous application of the temperature and pressure
histories, which appears not to be the case. As we can see from Figure 1 below, the
pressure precedes the temperature, and at the temperature of 1140'C, which is equivalent
to Figure 1.4.4.3, the pressure on the liner is 120 psi. Thus, if the elastic-plastic buckling
analysis in GESB-SR3-2006-0017 had been conducted under combined pressure and
temperature histories, the deformations and tensile strains shown in Figure 1.4.4.3 would
be lower.

Even without the beneficial effect of the pressure, the material ductility at the
temperatures shown in the figure should be much higher than 7 or 8%. However, the
DYNA3D analysis is incomplete because the subsequent shrinkage during cooling could
put the liner into reversed yielding in tension. As a result the liner would experience
biaxial tensile strains in excess of 1%. Allowing for strain concentration, the strain in the
liner upon return to initial temperature could exceed the low-temperature ductility of the
material, particularly since this reversed tension condition is in a biaxial state. It is noted,
in this regard, that when a material is subjected to high plastic compression it loses some
of its initial (as-received) ductility. Such a scenario is more likely to lead to liner rupture,
which ordinarily may not be of any consequence unless a subsequent event occurs, such
as an EVE for example.

If DCH, which, granted, is a low probability event and is physically unreasonable, is
followed by an EVE event, assuming it to be possible, then the failure condition
discussed above could extend and become a release mechanism. There is no discussion



in the report that says the DCH and EVE events are mutually exclusive. There should be
such a discussion, even if the DCH-EVE sequence is not credible. For example, it can be
postulated that the high-pressure failure mode is in the form of a relatively small hole
allowing only a partial release of core-melt, then a subsequent release of delayed core-
melt to the sub-cooled pool below could trigger an EVE. The event trees in the report do
not discuss this type of event scenario, and it would be prudent if such a discussion is
included in the report, if simply to justify eliminating it as a credible scenario. In the
mean time, we will assume that such a coupling between DCH and EVE is either non-
physical or of such low probability that it can be totally ignored.
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Figure 1: Example Temperature and Pressure Histories During a DCH - Note that
at a temperature of 1140 0C the 120 psi pressure is sufficient to keep the liner in
contact with the concrete.



Review Comments on EVE

The evaluation of structural capability to probabilistically resist failure during an EVE
event is based on dynamic analyses of a segment of the LDW under postulated pressure
pulses, in the shape of a triangle 3ms wide at the base, of impulse values ranging from
150 kilo Pascal second (kPa.s) to 600 kPa.s. These values of impulse momentum are
equivalent to peak pressures in the range of 100-400 MPa. Using a failure criterion of
liner rupture at a strain value of 30%, the authors conclude from this analysis that the
limit capacity of the containment is 400 MPa, or an impulse momentum of 600 kPa.s.

The following comments are related to the structural analysis results, not to the adequacy
of the material or the structural modeling methodology adopted in the report. Having
said that, however, we note that the capabilities of the concrete constitutive model used in
the analysis, unlike steel structures, is of critical importance to the veracity of the
predicted results, especially if these predictions deal with structural failure load levels
rather than the much lower design load levels.

1. Concrete structures, especially pressurized thick-walled structures, do not fail in
the manner described in the report, as we shall discuss below. Given the
geometry of the containment, which is a very-thick-walled cylinder attached to a
base mat, the relevant, perhaps the only, structural failure mode of concern is
shear failure. This is not to neglect liner leakage as the failure mode of interest
for the consideration of radioactive material release to the environment, which
precedes catastrophic failure. However, by virtue of the failure criterion adopted,
the report does not seem to distinguish between the two failure modes.

2. For the structure at hand, two shear planes can form at 45 degrees from the
vertical: one plane at the boundary between the loaded and unloaded portion of
the cylindrical wall at the top of the pool, and the other is at the wall-basemat
juncture. For the axi-symmetric loading considered, this failure will be in the
form of a shear dislocation separating the upper unloaded portion of the wall from
the lower loaded portion. Even if the pressure pulse in the sub-cooled water pool
eccentrically impinges on the wall, shear failure would still occur at about the
same level of impulse momentum, but the failure mode will be in the form of a
shear plug of some diameter. A criterion for shear failure in reinforced concrete
structures subjected to impulsive loading, developed by ANATECH and validated
using test data (see References), is a normal strain of 0.5% across a shear plane
through the wall. Clearly, at a global breathing-mode hoop strain of 30%
predicted in the report, the 0.5% criterion must have been violated at much lower
impulse levels, (see later comment).

3. The pulse loading used in the report has a triangular shape with 3ms pulse width
at the base. Usually, when one attempts to carry out a failure analysis of any
structure under impulsive loading, the first thing one does is to investigate
whether the loading can be treated as a static loading, which is more damaging
but much simpler to deal with numerically, or whether explicit-dynamics analysis
should be used. A simple criterion for judging which to use is to calculate the
fundamental period of the structure, or the period of the expected deformation
mode that could lead to first failure. A rule of thump would be, that for pulse



widths less than 10% of the period, explicit-dynamics analysis would be
appropriate; higher value than that would begin to introduce errors in the results.
For the structure at hand, we calculate a breathing-mode period of about 12ms,
assuming an open cylinder. The actual structure is much stiffer than an open
cylinder because of the base-mat, with the loading being very close to the base-
mat. This means that the fundamental period could be much smaller, perhaps by a
factor of 2, i.e.6ms instead of 12ms. Therefore, the 3ms time duration of the pulse,
which is half the fundamental breathing mode, puts the applied pulse well outside
the dynamic domain, thus making it much more damaging.

4. In view of Comment 3 above, none of the calculations depicted in Figures 2.4.4.3
and 2.4.4.4 can be relied upon as a realistic simulation of structural behavior, not
to mention the competence of the concrete constitutive model at the level of
deformations depicted in these figures. The figures show smaller impulses cause
lower damage, which is as expected, but even for these cases the predicted
behavior cannot be relied upon. It is important to mention in this regard that pulse
amplitude and pulse duration are not interchangeable in judging the damage
potential of pulses having equal impulse but different widths, unless the criterion
for pulse duration is satisfied.

5. The report implies that the applicable failure criterion is that of leakage rather
than catastrophic failure. Leakage would be governed by liner rupture, and there
is abundant evidence from Sandia Albuquerque experimental research on concrete
containments that show a 30% global strain is an order of magnitude higher than
any test results. In fact, a global (breathing mode type) hoop strain of the order of
2%, which corresponds to a local strain of 6-8%, is an appropriate leakage
criterion. It is noted, parenthetically, that most axi-symmetric calculations,
including those in the report, are capable of producing global strains only. So, if
we were to believe the results in Figures 2.4.4.3 and 2.4.4.4, the local strains at
discontinuities, such as liner-concrete anchors or stiffener plates, would approach
100%.

6. In this reviewer's opinion, based purely on experience and not direct
computations of the cases considered in the report, narrow pulses of 100 kPa.s,
would be the appropriate failure boundary for the pedestal wall, as would be
judged by the shear-based criterion. This means that Cases Figure 2.4.3.4(a) and
Figure 2.4.3.4(b), and even Case Figure 2.4.3.5, could be tolerated without
significant damage. However, Case Figure 2.4.3.6 is judged to be beyond the
wall capacity. Based on these estimates, it is clear that structural fragility shown
in Figure 2.4.5.1 is significantly over-estimated.

7. If one were to be asked to estimate the outcome of any new analyses, the
following may be instructive: The pedestal wall can withstand pressure pulses
generated in shallow sub-cooled pools of the type described in Figures 2.4.3.4,
Cases (a) and (b) with little noticeable damage (no liner leakage), Case 2.4.3.5
with minor damage (with possible "limited" liner leakage), and the deep (5m)
pool Case 2.4.3.6 with heavy damage (with liner leakage). As a word of caution,
however, these should be treated as mere estimates.



Fragility calculations, if they were to be repeated, should be performed with realistic
expectations of true structural behavior in mind, resisting the temptation of being too
optimistic about the capability of the structure.
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2. Modeling and Analysis of Concrete Structures Subjected to Impact and Impulse
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A7. Author's Response to Dr. Saito's Review Comments

ROAMM Authors' Responses are given in Red, Bold, Italic. Dr Saito's response to the
ROAMM Authors are given in Blue. Final responses, by the authors are given, when
needed only, in CAP REDS.

In spite of a Core Damage Frequency (DCF) of 10-8 per year, why do you need
the additional device such as Basemat-Internal Melt Arrest and Coolability
(BiMAC) device? ESBWR with a Core Damage Frequency (DCF) of 108 per
year is quite safe enough without such kind of additional device, if the
evaluation of the Core Damage Frequency (DCF) for ESBWR is correct or
quite reasonable. What is the safety design philosophy (principal) in your
design of ESBWR? What is the sufficient degree of the safety of ESBWR?

It is called defense in depth, and it is described in Chapters A, B and 4 of the report,
and other references therein.

I understand "defense in depth" principle and I found some descriptions in the report.
However, my question is "How safe is enough?" or "What is your safety goal ?" in
your design.

THESE ARE CLEAR IN THE REPORT AND THE ROAAM REFERENCES
CITED THEREIN. SO IS THE ANSWER FOR THE REST OF THE QUESTIONS
BELOW.

The initial conditions of the molten jets such as diameter,
temperature(superheat), velocity, melt composition (metal or oxide?) and
decay heat distribution in the molten materials ( for long term coolability
assessment) with their probability give large effects on the assessment of ex-
vessel scenario of the severe accidents. How do you decide these initial
conditions in your ex-vessel analyses such as steam explosion and basemat
melt penetration, which are not clear in the report? Is there no probability of
massive melt down mode from the vessel instead of jet mode?

There is no chance for a massive failure of the lower head in the ESBWR. This and the
bounding nature of the cases considered are described in the report.

I found in the report some examples of the evaluation of molten jet behaviors with
typical jet initial conditions. However how do you decide initial jet conditions
(temperature, diameter etc.) with probability?



How is the validation level of the PM-ALPHA.L-3D and ESPROSE.m codes
for the steam explosion calculation? For example, how do you decide key
explosion parameters in the rector severe accident condition?

These are described in the report too and references made therein.

Is the fragmentation model with heat transfer in your codes verified with experimental
data ?

I understand that thermal ablation by molten Zirconia jet is not possible.
However, how is the possibility of Protective Layer Ablation by metallic jets
such as molten steel and/or the mixture with Zr alloy with high
temperaturesuch as about 3000K (high superheat) ?

As explained in the report there is no chance for postulated metallic jets such as these.

How do you estimate the possibility for the structure failure by the crack due
to the thermal stress by molten jet or massive melt layer above the Zirconia
protective layer?

The protective layer is to protect only during the short relocation time in the first
release following RPV failure, and cracking of it, or in fact the complete disappearance
of it, at later times would not be of concern.

If you answer again that everything is written in the report, I do need to discuss
anymore.



October 15.2006

Dr. Siddhart Bhatt

ESBWR Engineering

GE Nuclear Energy

Dr. Theo Theofanous

Theofanous & Co. Inc.

Review Results

of "Severe Accident Management in Support of the

ESBWR Design Certification"

1. General comments on the report
The study on "Severe Accident Management in Support of the ESBWR

Design Certification " by Theofanous and Dinh is quite reasonable and the

methodology in the study will be a one of the useful model as the

comprehensive ex-vessel assessment for the severe accident management in

future BWR. However, I have several questions and comments which are

shown below.

2. Safety Philosophy in ESBWR design
In spite of a Core Damage Frequency (DCF) of 10-8 per year, why do you

need the additional device such as Basemat-Internal Melt Arrest and

Coolability (BiMAC) device? ESBWR with a Core Damage Frequency

(DCF) of 10-8 per year is quite safe enough without such kind of additional

device, if the evaluation of the Core Damage Frequency (DCF) for ESBWR is

correct or quite reasonable. What is the safety design philosophy (principal)

in your design of ESBWR? What is the sufficient degree of the safety of

ESBWR?

3. Initial conditions of the molten jets from the vessel
The initial conditions of the molten jets such as diameter,

temperature(superheat), velocity, melt composition (metal or oxide?) and

decay heat distribution in the molten materials ( for long term coolability



assessment) with their probability give large effects on the assessment of

ex-vessel scenario of the severe accidents. How do you decide these initial

conditions in your ex-vessel analyses such as steam explosion and basemat

melt penetration, which are not clear in the report? Is there no probability of

massive melt down mode from the vessel instead of jet mode?

4. Validation of PM-ALPHA.L-3D and ESPROSE.m codes
How is the validation level of the PM-ALPHA.L-3D and ESPROSE.m

codes for the steam explosion calculation? For example, how do you decide

key explosion parameters in the rector severe accident condition?

5. Protective Layer Ablation by Molten Metallic Jet Impingement
I understand that thermal ablation by molten Zirconia jet is not possible.

However, how is the possibility of Protective Layer Ablation by metallic jets

such as molten steel and/or the mixture with Zr alloy with high temperature

such as about 3000K (high superheat) ?

6. Structure Failure Criteria for an Ablation Zirconia Layer
How do you estimate the possibility for the structure failure by the crack due
to the thermal stress by molten jet or massive melt layer above the Zirconia

protective layer?

7. Miss-types of Figure numbers (Figure 2.4.3.3 (a) to (d))

8. Miss-types of the letter size at lower half part in the text on page 111. 19

Masaki Saito

Professor,

Tokyo Institute of Technology

2-12-1-Nl-7, O-okayama, Meguro,

Tokyo 152-8550 Japan

Phone: +81-3-5734-3060

FAX: +81-3-5734-2959
e-mail: msaitoh@nr.titech.ac.ip
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A8. Author's Response to Dr. Tuomisto's Review Comments

Responses are provided in Red, Bold, Italic.
Closing statement by reviewer is at the very end.

ROAAM Review of "Severe Accident Management in Support of the ESBWR
Design Certification Document" by Theofanous and Dinh, September 25, 2005

General remarks: Approach and Assessment

The basic principle of the nuclear power plant safety is to apply the defense-in-depth
concept at all levels. Prevention of any core melt accident, i.e. a severe accident, has
been one the cornerstones of this approach from the early days of commercial nuclear
power. For the new generation of power plants, it has also become to be of vital
importance to demonstrate the ability to eliminate or mitigate any major consequences
in case that a severe accident would occur. Hence, the containment must be capable of
maintaining its functional integrity, no energetic event is allowed to violate the
containment integrity and the progression of core melt should be stabilized and finally
cooled down.

In case of the ESBWR, it has been shown that the basic design already leads to a very
low core damage frequency. Additional design features have been adopted that readily
lead to efficient mitigation of the consequences of credible core damage sequences.

For the most plant designs, it has turned out to be a very challenging task to
demonstrate the case of "practically no releases, and stabilized melt progression and
coolability" with a high confidence.

The ROAAM methodology has been developed to bring such solution. In recent years
it has been applied to various plant designs. When we needed to demonstrate the
success of the planned severe accident design and management measures of the Loviisa
power plant, we selected the ROAAM methodology to be only credible way measures
to satisfy the regulatory requirements valid in Finland. The application was done by the
Fortum professional staff for in the integrated and in the issue resolution sense in close
cooperation with Prof. Theofanous, the developer of the ROAAM. The ROAAM was
particularly applied to the issue resolution of the in-vessel retention by external
flooding and of the hydrogen management

The subject report applies the ROAAM methodology to the severe accident assessment
of the ESBWR plant concept both in the integrated and the issue resolution context.
The integrated approach taken by Theofanous and Dinh allows to limit the issues
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requiring a detailed study basically to those related to stabilization of the core melt and
to the long-term debris coolability in the containment. Additionally, the case of DCH
and ex-vessel steam explosions have been considered, even though it can be argued that
their frequency is very low, and that they could be as well screened out as insignificant
to the risk.

The work done demonstrates very well that it is a good practice to base the work on the
PRA results as well as on well-directed design measures to eliminate or void severe
accident threats. When saying PRA results, I mean the statistical and system-based
results that are not bound to epistemic uncertainties of severe accident phenomena.

The requirement set when developing the ROAAM methodology was that the treatment
of severe accident issues is comprehensive, the approach being clear, consistent and
complete. When reading the report, I tried to focus on these c's, which is shortly
summarized in the following section.

Additionally, I listed some remarks on the technical content. The extent of these
remarks is scarce: some of them are minor notices, while others are made to bring some
clarification to the reader. I wouldn't expect the remarks to change the overall
conclusions.

Assessment of the treatment

As explained in Chapter 4 of Conclusions, the situation of the treatment done for
ESWR here, is relatively simple and robust, when compared to previous applications. It
is quite evident that the described design measures have contributed a lot to the
simplicity and robustness. Thus, for all potential containment threats quite general
arguments could be used with comfortable margins and with a weak or no dependence
on scenario details. Consequently, it also permits to incorporate conservative
assumptions, criteria and conditions to the treatment. Identification of the key physics
(constituting the first basic step of the ROAAM treatment) leads to distinct perception
of relevant mechanisms and their interactions. Altogether, the quantification
frameworks for the issue resolution context have become quite simple.

When the above arguments are taken into account in combination with the well-
structured treatment within the ROAAM methodology, I conclude that the presented
outcome for ESBWR becomes clear and it is consistent.

The issues and scenarios to be considered have been selected directly based on the PRA
results. The produced CPET's are simple and directly useful that also demonstrates the
clarity and consistency in the treatment. From the CPET's, there is a return to the PRA
through CSET's. Assuming that the PRA work is done properly, the treatment becomes
complete.
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Specific remarks

Chapter 1: DCH

In Chapters B and 1, the depressurization that takes place due to the creep failure of the
primary circuit piping (MSL/SRV) is called both natural and spontaneous
depressurization: for clarity it is recommended to use only a single term.

In Section 1.4.2 there is some discussion of main steam lines heating up to the creep
rupture region. It is not possible to justify this conclusion without detailed geometry of
piping, how the heat transfer could take place to the lines. E.g. accumulation of
noncondensible gases could block the heat transport. Anyhow, the decision to treat the
creep rupture as a splinter issue is justified.

Figure 1.2.7 shows the piping involved, and that the flow is forced, not by natural
convection.

How the high temperature influences on the fragility of concrete next to liner? (see fig
1.4.4.3)

These high temperatures are limited (by the PCCS) to very short times, and thus the
extent of concrete heating is limited by thermal conduction to very short distances.
This is treated in the systems portion of the PRA. There is no impact on fragility.

Chapter 3 Containment and BiMAC Performance Against Basemat Penetration

The first sentence of Section 3.1 is valid in the USA; Loviisa VVER-440 reactors in
Finland and Tianwan VVER-1000 in China do not rely on the core-on-the-floor
concept.

Yes, this was a major slip that is now corrected.

Tianwan Unit 1 (VVER-1000) is currently in operation (last sentence of Section 3.1).

Yes. Correction made.

Reliability requirement (0.999) for opening-on-demand and against opening
prematurely of the deluge line is very tight, and it could be technically very demanding.

Yes indeed, but preliminary work indicates that it is feasible.
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How would you judge the consequences, if it were necessary to apply a relaxed
requirement? It is understood that objective is to show that failure of ensuring
coolability is 'physically unreasonable' from the phenomenological point of view (done
using arbitrary probability scale for propagating uncertainty, where 10-3 refers to
'physically unreasonable'). When valve operation is considered, a statistical frequency
scale is used and reduction in the large release frequency can be obtained in the
quantitative terms.

Yes.

How developed is the technology and what are the experiences of manufacturing such
ceramic zirconia layers as mentioned in 3.4.4 a.

Ceramic zirconia has long been developed and used in industrial applications for
high-temperature melting crucibles, liquid rocket motors, combustion chambers in
MHD generator, gas-turbine blades. A significant part of this experience was
developed in Russia. More recently, further advances were made by the Mineev
group (Moscow, Russia) to enhance thermomechanical stability of ceramic zirconia
for use as protective layer in core catchers. Notably, such improvements were made
for long-term stability of the layer. In BiMAC case, the ceramic zirconia is primarily
used to protect the BiMAC pipes against jet impingement during the transient
relocation of melt masses to the BIMAC cavity.

Water chemistry of ESBWR could be quite different in comparison to AP1000. How
this would effect the conclusion in the end of 3.4.4.c.?

This is open to confirmatory testing which will include consideration of such effects
as water chemistry.

Molten metal layers (particularly when assumed on the top of the molten pool)
presented the most limiting case of the thermal regime when assessing the in-vessel
retention concept. In experiments performed within the OECD MASCA Project, it was
found that the higher density of metal may cause that the metal layer does not float on
the top of the molten pool (particularly in case that there would be metallic uranium
reduced to the metallic phase). There could be significant decay power generation also
in the metallic phase. There could be also eutectic mixtures with much lower melting
point. I didn't find a clear reasoning, why the authors believe that metal phase would
not pose real challenges to the performance of the BiMAC.

We did not elaborate on the metal layer because the degree of spreading and the
immersion of the whole debris in water result in very low heat flux levels and
quenched top boundary. Thus a top layer, whatever its thickness, or power
generation within, would pose no challenge to the side boundary of the BiMAC,
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while a bottom layer would only add to the thermal load insignificantly in
comparison to the margins for local CHF available.

It is stated in the summary that full-scale testing of BiMAC is needed for final
confirmation. The treatment of the thermal regime leads to wide margins, and it is not
so crucial to have confirmatory testing thermal loads. On the other hand, thermal-
chemical behavior is quite complex, even though the selection of zirconia as protective
layer simplifies chemistry. Can you describe what kind of test conditions and geometry
would be needed? How can the thermal-chemical behavior be addressed in the
experiments? How can a possible influence from the metallic layer be taken into
account?

As noted just above we do not believe the metallic layer, or other materials-
interaction aspects are at issue. As long as CHF is not exceeded the pipe boundary
remains cooled, and whatever is the material on top will solidify to the degree
necessary for dissipating the thermal loads due to natural convection. The ceramic
layer and any other enhancements to be decided in the detailed design phase are to
protect during the transient relocation regime only. After that the ceramic layer will
have no role, and in fact it may be significantly ablated, depending on its thermal
conductivity and thermal loads applied. The CHF, on the other hand, does need
experimental demonstration because of the essentially unique geometry.

Harri Tuomisto, D.Sc.(Tech.)

Fortum Nuclear Services Ltd
Finland

From: Renata Tuomisto [renata.tuomisto@contracon.fi]
Sent: Wednesday, November 15, 2006 3:32 PM
To: theo@engineering.ucsb.edu; Sid.Bhatt@ge.com
Cc: namdinh@safety.sci.kth.se
Subject: Closing statement of ROAAM Report Review

Dear Theo,

Thank you for the responses and further clarifications.
>From my point of view, I find the responses satisfactory.
I am also convinced that the work is done properly, and it gives very valuable support
to the ESBWR Design Certification.

Best wishes
Harri
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Molten metal layers (particularly when assumed on the top of the molten pool)
presented the most limiting case of the thermal regime when assessing the in-vessel
retention concept. In experiments performed within the OECD MASCA Project, it was
found that the higher density of metal may cause that the metal layer does not float on
the top of the molten pool (particularly in case that there would be metallic uranium
reduced to the metallic phase). There could be significant decay power generation also
in the metallic phase. There could be also eutectic mixtures with much lower melting
point. I didn't find a clear reasoning, why the authors believe that metal phase would
not pose real challenges to the performance of the BiMAC.

It is stated in the summary that full-scale testing of BiMAC is needed for final
confirmation. The treatment of the thermal regime leads to wide margins, and it is not
so crucial to have confirmatory testing thermal loads. On the other hand, thermal-
chemical behavior is quite complex, even though the selection of zirconia as protective
layer simplifies chemistry. Can you describe what kind of test conditions and geometry
would be needed? How can the thermal-chemical behavior be addressed in the
experiments? How can a possible influence from the metallic layer be taken into
account?

Harri Tuomisto, D.Sc.(Tech.)

Fortum Nuclear Services Ltd
Finland



A9. Author's Response to Dr. Turland's Review Comments

ROAMM Authors' Responses are given in Red, Bold, Italic. Particular statements
addressed are highlighted in Green. Dr Turland's response to the ROAMM Authors
are given in Blue. Final responses, by the authors are given when needed only, in
CAP REDS. Similarly, final responses are given by Dr Turland when needed only in
CAP BLUE.

Consideration of Major Issues Identified

1. "The report would benefit from an introductory section covering melt-down
scenarios, including the timing and nature of the threat to the reactor vessel. Currently
this discussion is given in the Addendum to Chapter 1, which refers back to work
from the early 1990s. I would have liked to see a more detailed discussion, clearly
representing the views of the BWR community" and "Before considering the threats
to the confinement in detail, it would have been useful to have more background on
current understanding of melt progression in BWRs in general, and how this applies
to the ESBWR in particular."

This is a recurring theme found throughout this review. The reviewer
demonstrates the kinds of uncertainties involved by statements such as:
"It is plausible that the possibilities for re-forming the crucible, and thus
accumulating more mass, are less for the BWR geometry than for a PWR,
but I do not see a hard argument why a "significant fraction" of the core
should be limited to 30%. "for Scenario 1, and "Given this scenario, the
distribution of debris in the lower head when it becomes dry is very
uncertain (previously molten oxidic and metallic materials, along with
unmelted structures and fallen components including fuel debris. It is
unclear whether a coherent metallic layer will form before vessel failure
(particularly if this is through a penetration weld)." for Scenario 2. The
plausibilities are many more and no amount of analysis or code
calculations can cover them all in a way that is useful for quantification
purposes. Thus-derived our approach is to envelope the credible ranges
by appropriate combinations of Splinter Scenarios and Intangible
Parameters on one hand, and by taking accident management actions
that minimize the impact of these uncertainties on the other. For
example, we minimized to the extent possible the flooded LDW scenarios
to address steam explosions, and we placed an ex-vessel core catcher
whose performance is insensitive to the manner in which the melt exits
the vessel We see only the potential of confusing the picture and adding
to the arguments by venturing into areas that we cannot defend. As a
result in this, and all other review comments we are looking for specifics
that might indicate a plausibility that has not been adequately bounded
by our choices of Splinter Scenarios and Intangible Parameters, and this
will be referred to the particular discussions on the point-by-point
response given further below. We know of no published material that
would alter the judgments made here on the basis of the 1990's material
mentioned by the reviewer.

Serco Assurance Page 1



As stated in my initial review, I appreciate the overall approach which is
based on minimising the effect of the uncertainties in the melt progression
phenomenology. However, I note that this material on melt relocation
scenarios is in the report, and was suggesting that the material could be
introduced earlier and that where specific numbers (such as 30%) are used,
then there should be an indication of why this is considered a bounding
number.

2. "As indicated by the authors, the assessment is based on methods evolved from
application to issue resolution for other plant designs, which have been documented in
previous studies. Thus, apart from where new models are introduced, the presentation
tends to be incremental. This, apart from taking the authors' general claims at face-
value, makes it difficult to appreciate the real level of validation and conservatisms in
the modelling." and "Granted that these issues have been presented elsewhere, and
been subject to review, but I would have looked for a more integrated treatment of
these issues in this report."

This is also a recurrent theme of this review. We regret the
inconvenience, and can only explain the considerations that drove this
approach. A key one is that an adequately nuanced rendition would
result to a hugely voluminous document, and the complaint then would
have been one of resulting inconvenience due to repetition with well
documented and readily available materials. In effect we had to perform
an incredibly delicate act whose success depends on the reader and the
degree of interest to recover these other documents as needed for
refreshing memory or evaluating anew as the case might be.

I consider this to be mainly a "customer" issue - given the specification
for the review that "The intent of this review is to asses whether this
purpose has been achieved to a sufficient degree for the results to be
usable in the regulatory/licensing arena. The customer and authors have
a better awareness than I do of what is likely "to be usable in the
regulatory/licensing arena" in the US. My view is that, in general, a
strong technical case is made, but, because of the nature of the
presentation, it requires more work for a regulator to evaluate than is
desirable. I accept, though, that this is a balance - and you do need a set
of accepted "building blocks" for this report.

Detailed Point-by-Point Response

ROAMM-Review of "Severe Accident Management in Support of the ESBWR
Design Certification" by Theofanous and Dinh

Brian Turland

Serco Assurance, UK

Review Process
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The intent of the review is to satisfy the following request from Dr S Bhatt of GE
Energy:

"The purpose of this document [i.e. the document to be reviewed] is to put
forth and demonstrate a severe accident management concept that is consistent
with the high expectations (GE's, NRC's and the public's) on the safety of this
new passive plant design. The intent of this review is to assess whether this
purpose has been achieved to a sufficient degree for the results to be usable in
the regulatory/licensing arena."

The precise regulatory/licensing requirements are not stated. However, it is assumed
that there is an expectation that any new design will incorporate' "design features and
procedures that provide an additional (diverse and redundant) layer of defense against
all threats to containment integrity arising from [core damage events]". In line with
IAEA guidance2, the assessment of this level of defense "need not involve the
application of conservative engineering practices..., but rather should be based upon
realistic or best estimate assumptions, methods and analytical criteria". However,
where large uncertainties remain, there is considerable merit in maintaining "an

3overall conservative mentality of treatment" as stated in the ROAMM philosophy
Thus, this review is concerned with whether the challenges posed to the containment,
or confinement, function by the spectrum of core melt accidents identified for the
ESBWR are adequately addressed in a convincing manner by the design features
incorporated into the plant and/or the analysis presented in the report.

Severe accident phenomena are complex and it can be argued that the details of many
processes are not fully understood. It is a feature of the ROAMM approach that it
tries to identify areas of uncertainty, whilst making best use of current understanding
(supplemented by experimental and analytical efforts) to allow issue closure without
the need to address all details of all processes (e.g. those leading to the spontaneous
triggering a steam explosion).

The ROAMM approach uses models of various levels of complexity, and, inevitably,
of various levels of validation. Thus, in each area one can pose a number of questions
for use in the review:

1. Has the threat to the confinement function been adequately identified?
2. Is the "Identification of the Key Physics" complete?
3. Are the "Key Physics" adequately addressed in the models used in the

quantification?
4. Is the validation status of the models sufficient for the use made of the results

in the assessment; in particular have differences in materials and scale been
adequately assessed?

5. Is the overall assessment justified with "a conservative mentality of
treatment"?

Within the time-frame available for this review, the reviewer has concentrated on the
report itself, including the Appendices. In general, the use of referenced material has
1 ESBWR SAM Report, Page A.1

2 IAEA Safety Standard NS-R-1: Safety of Power Plants: Design, Vienna 2000, para 5.31.
3 ESBWR SAM Report, Page B.1
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been accepted at face value. Some of the referenced material has been reviewed
previously in the context of USDoE's Advanced Reactor Severe Accident Program.
In addition the documentation related to the resolution of the DCH issue for Zion
(NUREG/CR-6075 and NUREG/CR-6075, Supp. 1) has been examined as part of the
current review.

Overview of Documentation Provided

The report would benefit from an introductory section covering melt-down scenarios,
including the timing and nature of the threat to the reactor vessel. Currently this
discussion is given in the Addendum to Chapter 1, which refers back to work from the
early 1990s. I would have liked to see a more detailed discussion, clearly
representing the views of the BWR community (see Overall Assessment for more
details).

As indicated by the authors, the assessment is based on methods evolved from
application to issue resolution for other plant designs, which have been documented in
previous studies. Thus, apart from where new models are introduced, the presentation
tends to be incremental. This, apart from taking the authors' general claims at face-
value, makes it difficult to appreciate the real the level of validation and
conservatisms in the modelling.

In most cases I found the arguments easy to follow, although there are some areas
where editing would help (focussing on the main argument) and removing forward
references within a chapter.

In general, the "Summary and Conclusions" section at the end of each chapter are
well presented and supported by the material within the chapter.

Overall Assessment

The results of the Level 1 PSA for the ESBWR given in Chapter B have been taken at
face-value. It is assumed that the Level 1 PSA has been subjected to a thorough
review and that the results presented are not changed significantly (e.g. increased by
an order of magnitude) when allowance is made for uncertainties.

Before considering the threats to the confinement in detail, it would have been useful
to have more background on current understanding of melt progression in BWRs in
general, and how this applies to the ESBWR in particular. This would then be
reference material for the later chapters addressing the threats. It would then be easier
for the reader to determine whether the assumptions made in the analysis of threats
has indeed been done with "a conservative mentality of treatment".

I remain sceptical of the ability of computer codes to predict the detail of melt-down;

however, analysis can give significant insights.

In the Addendum to 1.4.3, two possible bifurcating scenarios are identified:
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Scenario I involves a significant fraction of the core (considered to be in the
range -10 to 30%) being suddenly released into the lower plenum. The debris
in this scenario is referred to as "largely oxidic". This scenario appears
reminiscent of the TMI-2 melt release from the core to the lower head, and
probably relies on some self-crucibling process in the core. Assuming that
this is possible in the ESBWR design, the conditions for release from this
crucible depend on the potential weakness of the crucible and the available
flow paths for the released melt. It is plausible that the possibilities for re-
forming the crucible, and thus accumulating more mass, are less for the BWR
geometry than for a PWR, but I do not see a hard argument why a "significant
fraction" of the core should be limited to 30%. While the text implies that
such a scenario "would create the potential for immediate failure of one or
more of the lower head penetrations", this might not be the most likely
immediate outcome, as significant quenching is possible. Thus Scenario I
may evolve into Scenario I1.

The 30% is intended as a global, judgment-based bounding quantification of an
intangible, and not amenable to a "hard argument" as a limiting value. Most
importantly, its appropriateness should be seen in the context of its use here, which
is not a "hard use" but rather a point of reference for judging the treatment of
DCH. As such we believe it is perfectly defensible.

The nuanced definition is not clear - given the juxtaposition in the excerpt
"significant fraction of the core (considered to be in the range -10 to 30%)" -
which raises the question of why not consider a more significant fraction
(percentage!) such as 70%.

We take no position as to what is a more likely scenario, and yes indeed, the
purpose of Scenario H is to cover this potential eventuality. Also, a reforming
crucible, as postulated by the reviewer, would not alter the implications of the
splinter scenario approach taken here.

Accept the response

Scenario II involves a gradual release into the lower head, ready quench,
followed by dry reheating. It is stated, without analysis, that failure (of a
penetration, or the vessel as a whole) would occur via melt attack by the
superheated metallic components, mainly steel and Fe-Zr eutectics while the
oxidic contents are still mostly in solid state. It is argued that an (upper)
bounding estimate for the release is 30% of the total metal inventory (with no
oxidic component). Given this scenario, the distribution of debris in the lower
head when it becomes dry is very uncertain (previously molten oxidic and
metallic materials, along with unmelted structures and fallen components
including fuel debris. It is unclear whether a coherent metallic layer will form
before vessel failure (particularly if this is through a penetration weld).

We do not believe it is difficult to see that the reactor vessel will contain the metallic
components of the core, superheated to thousands of degrees as needed to obtain
significant retention of an oxidic melt, and we do think the reviewer challenges that
view. So we do not understand what the "no analysis" is meant to convey.

Serco Assurance Page 5



I think a "not" is missing from the first sentence of the response (too many
negatives) - so to re-phrase what I think the authors mean: "It is difficult to
see how the reactor vessel will contain the metallic components of the core,
superheated to thousands of degrees [an exaggeration - but accept hundreds]
as needed to obtain significant retention of an oxidic melt..."

YES, THANK YOU.

The argument for penetration failure prior to oxidic melting relies on the
thinness of the structure and/or the effectiveness of convection in the metal
melt. Thus there are circumstances for other reactor designs where significant
re-melting of oxidic debris is possible before failure of the lower head.
However, I don't want to get bogged down in "intangibles". The points I was
making were (i) in this case, a simple model may justify the failure mode -
and give some indication of the state of the oxidic debris at the time of failure
and (ii) the 30% of the metal has been plucked out of the air - again it is a
judgement number and (iii) as we have no clear picture of the state of the
oxidic material - in particular, whether it is in particulate or sintered form -
then the assumption that no oxidic material is ejected with the metal melt is
difficult to justify.

IN THE BWR GEOMETRY THE LOWER PLENUM IS DENSELY
OCCUPIED BY STEEL STRUCTURES (THE CONTROL ROD GUIDES
AND INSTRUMENT TUBES). THE OXIDIC MATERIAL WILL
DISTRIBUTE ITSELF IN THE "INTERSTICIAL" SPACE AND WILL
REMAIN SOLID (IN THIS SCENARIO) WELL PAST THE TIME THE
STEEL STRUCTURES AND THEIR WELDS HAVE MELTED AND
DISCHARGED FROM THE REACTOR VESSEL. WE FEEL THIS IS
EASY ENOUGH TO SEE, SO DID NOT BOTHER WITH A "MODEL"
WHICH WOULD ADD MINIMALLY TO THE KEY CONSIDERATION
WHICH IS THE PRODUCT OF TECHNICAL PERSPECTIVE AND
JUDGEMENT.

YES - BUT FORM OF THE OXIDIC DEBRIS, POSSIBILITY OF CO-
DISPERSAL WITH THE METAL, AND ORIGIN OF THE 30% WERE
NOT ADDRESSED.

We do not really care what the distribution of the debris in the lower plenum is nor
do we care that whether there is somewhere a coherent metallic layer. It should be
clear however that the debris will not dry all simultaneously, and that it will involve
very significant amounts of contact between the metallic and oxidic components,
and thus flow paths of the former through the latter.

Accept - but my recollection of experiments looking at relocation in a mixed
metallic oxide bed did involve sintering of the oxide and a mainly vapour
transport mechanism for the metallic component to the cooler parts of the bed.

YES INDEED, BUT IN THIS CASE THE STEEL IS DISTRIBUTED IN A
VERY SPECIAL WAY (AS NOTED JUST ABOVE).
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I agree, that on the basis of inhomogeneities, and probably the failure location,
the initial relocation is going to be much less than the core mass + below core
structures.

Direct Containment Heating

I agree that, taking the results of the Level 1 PSA, that there need be no requirement
to address the likelihood of DCH given a high pressure core melt. However, the
analysis presented is useful in assessing the "Defence in Depth" of the design.

The analysis presented uses an extension of the CLCH, which was developed and
reviewed during DCH issue resolution for Zion, along with the companion TCE
(Two-Cell Equilibrium Model) developed by Pilch et al. A clearer exposition of the
key physical assumptions used in the CLCH model and their experimental validation
would be desirable. As I understand it, the key observation for typical large dry PWR
containments is that debris de-entrains from the blowdown gas flow in the lower sub-
compartments, and so does not provide a heat source to the whole containment. In the
CLCH model, this is interpreted as implying that the debris can only interact with the
blowdown gas, and then potentially only for a limited time Tm, The consequence is
that high temperatures are reached in the blowdown gas, which then loads the upper
dry well, but much of the heat is retained in the melt. Thus the retention of the
melt/debris in the LDW is a key assumption. It seems from Fig 1.4.1.4 that some
related experimental work was performed - did this investigate any potential
carryover from the wall-jets into the UDW? The lack of carry-over to the UDW
would seem to be the "key physics" required to justify the application of the model to
the ESBWR.

There is a misunderstanding here. In section 1.4.1(d) we make clear that the
experiments gave complete and rapid dispersal of very finely fragmented debris out
of the LDW. We also give estimates of particle sizes, and show CFD results that
exhibit localized extremely high velocities, as wall-jets in the LDW. Further we
explain that the LDW in the present configuration corresponds to the reactor cavity
of the PWR case. We also explain that the reason that once out, and into the UDW,
as velocities dissipate the particles de-entrain and in any case become ineffective in
heating the UDW atmosphere, as found for the lower (steam generator)
compartment in the PWR case.

I accept that the report does state "There is no question that any exposed melt inside
the LDW will be atomised and dispersed into the UDW. Unfortunately, while section
1.4.1(d) refers to the experiments shown in Fig 1.4.1.4 - these pictures from the
experiment are very difficult to interpret - and it is impossible to see how prototypic
they are.

As presented the transient CLCH uses temperature independent properties. This is
useful for exposition and providing rapid calculations. However, the results could be
under-written using more detailed property functions for both the steam blowdown
and the debris.

These effects are negligible.
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Not clear whether this implies that the calculations have been done, so under-
writing the model for rapid calculations - or is an assertion. In any case, I am
satisfied that more detailed material properties will not have a significant impact
on the conclusions.

It is noted that some system parameters in Table 1.4.3.4 have been updated to be
consistent with the design - in particular the volume of the primary system was
underestimated in the original calculations (what is the impact on the "bounding
case"?). It would be preferable for the report to only include calculations with the
proper plant data.

How this error occurred, and how we discovered it as part of our own quality
assurance procedures is described in the report By that time GE had submitted
the report to the NRC, and as such it became the subject of official record and
amenable to correction only by amendment

Response accepted - but the question on the impact on the "bounding case" was
not specifically addressed.

It is noted that the parameter/ww (effectiveness of gas-coolant heat transfer in the
suppression pool) which is set to 0.5 in the original calculations (Table 1.4.3.5) was
subsequently increased to 0.9 (Table 1.4.3.5Rb). This looks uncomfortably like a
parameter modification to counter the original underestimate of the blowdown mass.

This comment affects the arbitrary cases only, and in trying to observe our
purpose for them (as providing additional perspectives on the margins to
failure) there was little justification to making this parameter extremely
conservative too, and produce failure. All it means is that for these arbitrary
cases we cannot accommodate major conservatism on the choice of this
parameter too.

I take this to be a "Yes". However, I agree that there is no requirement to be
overly conservative. In these circumstances it should be possible to defend the
increased value.

The conclusions (Section 1.5) are supported by the analysis presented. As indicated
above, though, I would have preferred an introductory review of meltdown and vessel
failure scenarios, to further justify statements on the conservative nature of the
scenarios considered.

Ex- Vessel Steam Explosions

It is noted that most of the risk from EVE is eliminated by ensuring that there is
limited water available in the LDW at the time of melt relocation by containment
design and by careful design of the LDW deluge system to prevent premature
flooding. It will be necessary to ensure that these provisions remain, and that their
reliability can be justified in the final design.
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It is accepted that the treatment of triggering is fully conservative in this analysis. I
am less convinced that the efficiency is treated in a strictly bounding fashion,
although it may still in practice be conservative (to be demonstrated using
experimental data - however the demonstration in Annex C appears to be closer to
"best" estimate than conservative).

There has been much testing of pre-mixing codes against experimental data, less so
for the propagation phase because of the paucity of adequate experimental data.
There is disagreement amongst experts, as reflected in the OECD SERENA group,
whether the current generation of codes are fit for purpose - i.e. they have sufficiently
validated models to allow convincing application to plant situations. Current
experience is that there is an apparent tendency to over-estimate void formation in
low sub-cooling cases (FARO experiments) in pre-mixing, so "steam chimneys" may
not be as well defined as in the numerical simulations. Nevertheless, these more
voided regions will provide venting should a steam explosion be triggered. The
modelling of the propagation phase is more problematic, as it involves disequilibrium
between the coolant interacting with the fragmenting melt (microinteractions) and the
bulk of the steam/water phase. As indicated in the text parameters can be selected in
the ESPROSE.m code to give a reasonable fit to integral propagation data. However,
I would prefer to see more discussion of uncertainties and their potential impact on
the results. Granted that these issues have been presented elsewhere, and been subject
to review, but I would have looked for a more integrated treatment of these issues in
this report.

The new results for the pedestal fragility depend on the new concrete model in
DYNA3D. I cannot comment on this, except to note that validation references are
cited by the authors. This section of the report would benefit from clearer figures
(e.g. predicted pipe strains and deformations under the applied loads.

Point well taken More clear figures are given in an addendum (of the Final
report) that addresses comments made by the structural expert reviewer.

Accepted - but I have not seen the revised figures.

The probabilistic section at the end of Chapter 2 appears schematic. As is usual with
the ROAMM authors there is a reluctance to discuss uncertainties in their
"deterministic" calculations and the potential impact on the "load" quantification;
arbitrary loads appear to be have been assigned to cases that do not threaten the
pedestal or the BiMAC.

This is not a capricious reluctance, but rather a focused effort, in the interest of
clarity and purpose of analysis, to remain on defensible grounds by insisting on
a bounding treatment rather than elaborating on hypothetical uncertainty
"quantiications".

I accept that in this case there are good margins and "hypothetical" uncertainty
quantifications are of little value. However, in my view, the validation of the
codes (which is referred to) should provide an indication of the uncertainty bands
when the codes are used for safety assessments. This then determines whether
e.g. an upper limit on the impulse of -70 kPa.s is a justified result, or in fact
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represents a potentially wide-band of possible results obtainable with a similar
code. If the authors do not discuss this, it is hard for the reviewer to reach a view
on the possible range of uncertainties.

Protection against Basemat Melt Penetration

The inclusion of the BiMAC in the design is in line with the "Defence in depth"
philosophy, and coupled with other changes from earlier BWR designs removes most
of the possible risks associated with a deep water pool in the LDW at vessel failure
(and also the potential benefits associated with debris quenching). My main concern
about this, and similar devices, is that of commissioning, inspectability, testing and
maintenance. It may be argued that these are not needed for an item introduced for
severe accident management as this "need not involve the application of conservative
engineering practices...", but consideration will need to be given to having
confidence that the BiMAC and associated systems would perform as anticipated
after, say, 30 years of plant operation. The basic structure and pipework should be
sound, but one will need to consider the associated instrumentation to initiate water
flooding.

It remains to be seen whether the reliability requirements associated with the water
flooding (both low failure on demand, and low possibility of inadvertent operation)
can be demonstrated.

Reference is made (e.g. on Page 111.3) to confirmatory testing of the BiMAC concept.
What is planned?

We plan full scale testing on single channels of various inclinations and

diameters, and YA- scale testing of one-quarter of the device (about 20-30 pipes).

Response accepted - I believe these tests will be worthwhile.

It is stated (page 111.7) that "One major simplification at present is that the behaviour
is not suspectible to the so-called focussing effect". This assertion should be justified.
Is this on the basis of the debris composition, or the long term survivability of the
ceramic layer, thus forcing the heat flux in an upper metallic layer upwards. Was
consideration given to the possibility of "MASCA" type configurations with a denser
metallic layer (again the answer may lie in the long-term stability of the ceramic layer
and its impact on the heat flux distribution from the metallic layer). [In the Tianwan
catcher, the focussing effect was removed by including a large inventory of metal in
the catcher.]

We should keep in mind that the debris will be covered by water soon after the
first relocation into the LDW. Clearly there will not be a molten metallic layer
on top and the intent is not to 'force" the heat to the top. There will be the usual
power split from any amount of debris that has remained in the molten state,
according to natural circulation, and the ceramic layer is to protect only during
the initial relocation transienL The impenetrable boundary is provided by the
cooled pipe wall, and the ceramic cover material is not needed for this purpose.
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I agree that water-layer will remove any possible focussing effect, assuming that
quenching of the surface is effective. The question on the MASCA-type
configuration was not addressed - where the ceramic could play a role in limiting
the heat flux.

MAYBE WE MISUNDERSTOOD THE QUESTION ABOUT THE MASCA
CONFIGURATION. LIMITING THE HEAT FLUX IN THE DOWNWARDS
DIRECTION WOULD "DRIVE" MORE HEAT UPWARDS, AND IF
BALANCE (WITH POWER GENERATION) IS NOT ATTAINED, AND
TEMPERATURES INCREASE SUFFICIENTLY, SOME OF THE CERAMIC
WILL ABLATE UNTIL THIS BALANCE IS REACHED. WE SEE NO
MECHANISM IN THIS CONSIDERATION THAT COULD BE
DETRIMENTAL TO BIMAC.

THE SCENARIO NEEDS A SIGNIFICANT DECAY HEAT SOURCE IN THE
LOWER DENSE METAL LAYER; THE CERAMIC THEN ACTS AS AN
INSULATING LID, ENHANCING THE DOWNWARD HEAT FLUX FROM
THE METAL LAYER. THIS SCEANRIO COULD BE ADDRESSED WITH
SCOPING ANALYSIS, OR BY ARGUMENT THAT FOR VARIOUS
PHYSICAL REASONS IT IS WRONG (E.G. TEMPERATURES IN THE
LOWER HEAD INSUFFICIENT TO GET U AND FP UPTAKE INTO THE
METAL - OR THE COMPOSITIONS DON'T FAVOUR THIS TYPE OF
CONFIGURATION).

I believe that there is a high probability that the proposed zirconia liner will provide
adequate protection to the BiMAC pipes, but more consideration of how the liner is
secured may be appropriate (I imagine a scenario in which some cracking has
occurred, with the potential for part of the liner to float in the dense oxide layer). A
fuller discussion of materials interaction issues may also be appropriate.

The impenetrable boundary is provided by the cooled pipe wall, and the ceramic
cover material is not needed for this purpose. Recently published work of
MASCA (Ref. 2006) has confirmed that the IVR materials-interaction "issues"
are not in any sense limiting or relevant, and this conclusion is applicable also
in the present case with BiMA C.

OK. However, how is the liner secured?

THIS WILL BE PART OF THE DETAILED ENGINEERING DESIGN,
INCLUDING THE SELECTION OF CERAMIC MATERIAL AND
ACCORDINGLY OF ANY APPROPRIATE CASTING AND ANCHORING
PROCEDURES. IN ADDITION THE BIMAC TESTS WILL ALLOW A FINAL
SELECTION OF ANGLE OF INCLINATION AND THUS A SELECTION OF
AMOUNTS TO BE DEPLOYED (ACCORDING TO THE SPACE
AVAILABLE).

OK

The assessment of the critical heat flux, based on the ULPU experiments, is sound.
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A new model has been introduced (using old correlations) to address the potential for
bum-out. Appropriate data (that from the SULTAN experiments) has been used to
test the model. However, this would appear to be an appropriate area for
confirmatory experiments in support of the BiMAC design.

Conclusions Summarised in the Form of CPETs

Chapter 4 provides a reasonable summary of the ROAMM evaluations.

Aspects for clarification
1. Page 1.1, last sentence. There is reference to the "gap space" of the LDW.

What "gap"? The space between the concrete and the liner. Text could be
clearer, as not obvious from the figures.

2. Page 1.2, item (b). It is stated that the presence of the thermal insulation
around the vessel will be conservatively ignored. I assume this is to generate
maximum pressure in the UDW. Yes, as it would represent an additional flow
resistance. OK

3. Page 1.6. Apparently contrary to the above, the figure caption states that "The
annular space between the RPV and the shield is filled with insulation
materials and presents a flow blockage". Not contrary to the above. This is for
the dead-ended space (see Figure 1.2.1). The path that is available, and
discussed above is that between the shield and the walL OK - I now have a
better appreciation of the flow-paths- but if this one is "dead-ended it is
immaterial whether or not it is filled with insulation.

4. Page 1.6. Should there be other cross-hatched areas in the upper plane
section? What does the single-lined area represent? Yes, only one of many is
shown. The single-lined area is a blockage. OK

5. Page 1.10 and 1.11. It is potentially confusing to say on page 1.10 that "In the
ESBWR.. we will take no credit for spontaneous depressurisation" and then
find that it is the first item in the "Key physics" that need[s] to be quantified in
predicting a realistic outcome" on the following page. It is clear even in the
quote that this is for predicting a realistic outcome, while the quantification
is expressly conservative. It would not have been appropriate to ignore these
physics. A question of ordering - say it is a "Key Physics" issue for a realistic
outcome - then say that, however, in this assessment you will not take credit
for it.

6. Page 1. 11. It is stated that "the melt jet would remain essentially coherent until
it hits the LDW floor". I would have expected some spraying, particularly if
the jet is narrow (noting that the main driver is pressure not gravity). We stand
corrected, for this reason as well as by recognizing impacts on the extensive
metallic structures found under the reactor vessel This text is highlighted
and correction is made in an addendum (Final report). Accepted.

7. Page 1. 19. Wouldn't it have been better to introduce the CLCH model, before
using such terminology as "implying a DCH-scale of 1"? Yes, but that would
create the other difficulty of getting into details before the big picture is
seen. The report is structured in a way that presumes reader's close
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familiarity with the subject. This is a non-technical comment - and depends
on your audience. At this point a simple "reminder" that the DCH-scale is
"the ratio of the melt entrainment time to the characteristic blowdown time"
would have been useful.

8. Page 1.22. Given that Tm seems to be based on a simple geometric scaling and
no data are quoted for the specific application, I would have expected a larger
standard deviation to have been used. This paragraph refers to the standard
deviation used in the PWR applications. In the present case 7m is 7.8 s (see
p.29), and as shown in Table 1.4.3.5Ra,b we have used values much greater
than this value. Note that as the value of this parameter is increased so are
the loads, until they asymptote as discussed in p.L29-30. Accept response.

9. Page 1.28. Why not vary (D (fraction of entrained metal that is oxidised)?
From previous work on DCH load quantification for PWRs we know that
this is an adequately conservative value. I have not checked this assertion.

10. Page 11.5. The authors claim that their codes [PM-ALPHA and ESPROSE.m]
are "still the state-of-the-art (CFD simulation) tools". Other groups would
claim this accolade for their own codes. The SERENA project suggests that,
possibly because of variability of the experimental data, significant modelling
issues remain, particularly related to the mixing phase of near prototypic
melts. I am happy with the statement that the codes are state-of-the-art.

11. Page 11.5. The last paragraph raises more questions than answers: Is liner
energy absorption the correct approach (noting the lower impulse to failure)
and how were the various conversions done. The paragraph could be removed
without loss to the argument presented in this chapter. NB - is the liner really
6-cm thick? This is a review of previous work, and not intended to answer
any questions. The 6 cm liner in this paragraph is found in another design.
OK - problem was it raised more questions than answers!

12. Page 11.8. Section 2.4.3, paragraph 1. Are the values quoted consistent (and
consistent with the discussion of ablation around penetrations elsewhere in the
report)? An overpressure of 0.2 MPa would give a release velocity in excess
of 20 m/s. Yes, the values are taken with account for ablation of IGT. The
corium (8000 kg/m3) discharge velocity is 7 m/s for 0.2 MPa overpressure
(20 m/s would be correct for water density). OK - my error.

Is the volume fraction of 22% based on analysis, or a numerical effect of the
meshing (given the small area of the pour)? It is a numerical representation
of jet by Langrangian particles in PM-ALPHA.L-3D model OK - but this
does imply some pre-dispersal of the melt jet, which may or may not be valid.
NO PREDISPERSAL IS LESS CONSERVATIVE FOR THIS TYPE OF
ANALYSIS. OK.

13. Page 11.14. Figure 2.4.3.3 (b) shows a large pressure spike for location B3
(but less impulse than for BI and B2). What is the cause of this - can the
impulse be higher closer to the comer? This is the effect of reflection from
the side wall. No, the impulse is lower and lower away from the origin. But
the pressure can be. This explanation of the pressure spike looks dubious as
this peak at B3 is before I ms and the three sidewall positions don't "see" the

Serco Assurance Page 13



pressure wave until 1.5 s. I accept that in these calculations the impulse falls
with distance from the origin.

14. Page 11.8/11.15. The text could be clearer on why reflections off the sidewall
are not a concern - a reduced diameter model (4 in), compared with the real
diameter of 11.2 in (not as far as I am aware given in this chapter) is used for
the calculations. Were parametrics done with any other reduced model
diameter? We do not say they are not a concern. We are saying that a
smaller diameter will be conservative. No we did not think this would be
necessary for our purposes. No technical disagreement - but I was
commenting on the caption to Figure 2.4.3.5 - which required a little work on
this reader's part to put into context.

15. Page 11.18. The BiMAC model. As below, the quoted results are difficult to
glean from Figure 2.4.4.6. Figures showing the deformation of the pipe in
section would be better. Is "Concrete damage", as shown in the figure, a
significant issue? This should be discussed. Not an issue. Only pipe integrity
is needed for BiMAC duty. OK- would prefer this to be stated explicitly.

How was the 20 cm refractory layer treated in the model? It was treated as
concrete. OK - this is reasonable.

Can one make an argument, based on vertical displacements in the 1-D
calculation that 2-D loading effects, along the pipe direction will not
jeopardise the pipe? The I-D calculation is conservative, as there are no
other mechanisms to collapse the pipe in the scenario proposed that would
exceed those in the I-D case. I think a little more clarification of the model is
desirable. As I read the description of the calculation, the load and the model
are uniform in the "x-direction" indicated on Figure 2.4.4.5 - so why the need
for the number of elements in this direction? What I was imagining was a load
locally peaked in the x-direction, producing bending/shear in combination
with the crushing. Looking at this again, I would raise the question of whether
the "distributor" (Fig 3.2.1c) was more vulnerable than an individual pipe -
also whether the pipe model (Fig 2.4.4.5) should include this in the y -
direction at the centre of the model. YES INDEED. THE DISTRIBUTOR
WILL BE DESIGNED FOR STRUCTURAL INTEGRITY ONCE WE
KNOW THE DESIGN PARAMETERS FOR IT (BASED ON THE BIMAC
TESTS). THE PIPES ARE THE GENERIC COMPONENT OF BIMAC,
WHILE THE DISTRIBUTOR IS A SINGULAR COMPONENT,
RELEVANT TO A SMALL FRACTION OF THE FLOOR AREA (THAT IS
OF POTENTIAL EXPLOSIONS) THAT IS YET TO BE DESIGNED.

16. Page 11.21. I generally found this figure confusing. Cases (c) and (d) are
identical (as I would expect) except for the concrete model used - but the
other cases are all different - so there are actually 5 load cases, if the caption is
correct. The sub-captions have "eps > ... " - can this be interpreted as a
maximum value for the particular model? Yes. OK - but still not clear why
caption states 3 load cases and figure shows 5. SORRY, THERE ARE 4
LOAD CASES-50, 100, 195, and 309 kPa s. WILL CORRECT TYPO.

Likewise, I assumed that areas that are red in the accompanying diagram
should be interpreted as failed concrete. However, this seems to be contrary to
the interpretation on Page 11.18 of Figure 2.4.4.3, where all cases appear to
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show concrete damage, but the text says that "...is seen to hold up quite well"
- is this the effect of the liner rather than the concrete? The results have been
interpreted by a structural engineer and the interpretation accounts for
deformations, and final velocities of wall materials as well. A slightly
deformed but cracked concrete wall of this thickness will have a significant
load-bearing capacity, especially considering the local nature of such
damage. (see vertical extent of damage in the figures). In this case, some
added discussion would be beneficial. Above, you have told me that there is a
segmented gap between the liner and the pedestal wall - was this present in
the structural model? YES POINT IS WELL TAKEN AND A DISCUSSION
WILL BE ADDED ON THIS MATTER. THE "SEGMENTED GAP" IS
NOT A REAL GAP, AND IT WAS NOT MODELLED-THE LINER IS
PINNED ON THE WALL AND THE GAP IS LIKE A CONTACT
RESISTANCE THAT COULD BE A LEAKAGE PATH IF NOT FOR THE
SEGMENTATION. OK.

17. Page 11.24. Figure 2.4.5.1. I am not clear of the origin of the CCLP "curve"
that falls from I to zero at -70 kPa.s. The text says this is based on the
calculated loads for 1 m and 2 m sub-cooled pools, which according to the
figures can reach -200 kPa.s, while the earlier text (page 11.8) refers to loads
on the side up to 150 kPa.s. The results in Figure 2.4.3.4 and 2.4.3.5 clearly
show that Figure 2.4.5.1 is correct. I accept that the impulse on the pedestal,
before any (spurious?) reflections is less than about 70 kPa.s in the Figures,
but this does not account for the reference to 150 kPa.s on page 11.8. I can
now see this must refer to the calculation for the 5 m deep pool - this was not
clear as the numbering of the figures differed from that referred to on page 11.8
(i.e for Figures 2.4.3.3 (a) - (d) referred to on page 11.8, the labelling of the
figures in the report was 2.4.3.4(a), 2.4.3.3(b), 2.4.3.5 and 2.4.3.6
respectively).

18. Page 11.24/11.25. I understand that the CCLP-LL line on Figure 2.4.5.2. is
schematic, but no calculations have been presented for the LL case (H <
0.7 in), so where does the bounding value come from - why isn't it shaped
schematically as is the case for the CCLP-HL line? The reason is that in this
Figure we took the LL case to correspond to less than 1 m, saturated water.
As noted in the report the other more severe cases considered for the
pedestal were to show more perspective on the margins available. Is this
stated in the report? I don't recall seeing any results for a Im saturated water
pool - there is reference to a 2m deep case with saturated water, which it is
said could not be made to escalate (because of voiding). YES , THIS IS
WHAT WAS MEANT.

19. Page 111.3. Reference is made to confirmatory testing of the BiMAC concept.
What is planned? Full scale tests of a single channel and half-scale tests of a
quarter section of the BiMAC. The facility is now under construction. OK.

20. Page 111.7, paragraph 1. 1 believe that the statement with regard to subsequent
projects that "All this work is confirmatory of the work done in UCSB.." is too
broad. Some tests, such as MASCA, did identify phenomena not addressed in
the initial UCSB work. The important point is that the results did not
jeopardise the conclusions reached in the UCSB studies - and, indeed, in some
areas were confirmatory. Yes, this is what we meant to convey. OK
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21. Page 111.7, paragraph 2. The claim that DNS allows simulations with "great
reliability" is, I think, over-claiming what is demonstrated in Appendix D -
"sufficient reliability", I can accept. Agreed. OK.

22. Page 111.8, 1/3 rd way down. It is stated that .."we can expect, on fundamental
grounds, that ..[the local peaking will not be greater than a factor of 3]. What
fundamental grounds? Natural convection as demonstrated later on in that
chapter. I can agree that in natural convection there is only limited peaking,
which can be demonstrated by measurement and simulation, however I
associate the word "fundamental" as implying a strict derivation from physical
law. WE TAKE DIRECT NUMERICAL SIMULATIONS TO BE
FUNDAMENTAL IN BASIS TOO.

23. Page 111.10, last line - please justify "there is no convecting (metallic) melt
layer.. At these levels of heat flux (less than 300 kW/m2) the top of the pool
will be quenched, so will be any metal layer on top of it I would like to see a
discussion of the circumstances in which the quenching transition can be
guaranteed. I suspect that, once quenched, a metal crust several centimetres
thick will form, which may be enough to freeze the whole of any segregated
metal. Even if the whole metal layer is not frozen the cold upper boundary
will remove any possibility of the "focussing effect". YES

24. Page 111. 12, line 8. "Extremely conservative" - what does this mean? To me,
it suggests an order of magnitude margin - this is not the case for these
figures. Having stated that they are for the "full core inventory", the main
conservatisms would appear to be the time at which the decay heat is
evaluated (to be justified by sequence analysis) and (probably) a conservative
view of decay heat. The calculated peaking on the lower boundary for "near
edge channels" could be more conservative in a real pool, but this would need
justification. As noted in the text, most of the release will be gradual and
quenched upon falling into the pooL Thus it would not participate in the
heat balance. Accept the explanation, but in the immediate context of the
report, it can be read as implying that the values are extremely conservative
for the full-inventory pool.

25. Page 111.13, Table 3.4.3.1 - What does V sump mean? Sump volume. I think
you mean melt (debris) volume in the sumps shown in Figs 3.2.1d and e. Not
clear how this is evaluated - given the stated low "target area of these sumps"
and the protection against melt attack. IT IS AN EXCLUSION VOLUME, AS
IT IS NOT AVAILABLE TO THE DEBRIS.

26. Page 111. 18, line 2. A reference to the stability of zirconia to molten zirconium
is desirable, as the phase diagram does show mutual solubility. For the short
relocation transient of interest in BiMAC application, the solubility issue
can be disregarded. In fact, Mineev et al (Atomic Energy, 91(1), pp.543-550,
2001) reported experiments where molten zirconium was put in Zirconia
crucible at temperature 2500-2600K. No axial erosion. Radial erosion of
0.5-1 mm was observed over 20 minutes testing. Preferable to state this in the
text, rather than quote the high melting temperature range of zirconia. YES,
BUT DID NOT KNOW THE REFERENCE AT THE TIME.

27. Page 111.18; second paragraph. Are we to conclude that the melting
temperature (solidus or liquidus?) is as low as 2340 K. I am surprised if this
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value is generally accepted - although eutectics with Zr in the debris may give
a significant molten fraction at temperatures below 2500 K. I would use the
Saito-based argument first - and then indicate why it is likely to be
conservative. Result for the bounding oxidic melt case is already given in the
same section. The argument of eutectics with Zr is meant to show another
dimension of bounding on the amount of purely-oxidic melt available at
high superheat The existence of low melting point eutectics is not in doubt,
but the relevance of the eutectic temperature depends on the actual
composition, and thus the amount of the material that is in the molten state at
these temperatures.

28. Page App A.5. Are the freeboard volumes inside the subcompartment
structures correct in this Table Al? Typo. Correction will be made in Final
report. The order should be 0.072, 0.072, 4.64. OK.

29. Page App A.6. It is stated that "The comparison to IET-RR.... is very similar.
The comparison actually shows a 12% underprediction of the peak pressure in
the IET-RR case - enough to jeopardise the "absolute bounding case"
discussed on page 1.19. The conservatism included in bounding case
calculations is substantial and adequate to cover such small sensitivities. I
accept the conservatism in the bounding case, but I dispute the "very similar"
as there is a larger difference between the experimental data and the
calculation (particularly in the initial rate of pressure increase).

30. Page App A.9. What is the level of the top of the sub-compartment in IET-I?
Level 6. However, Level 5 is the highest where temperature measurements
were made. OK

31. Pages App B.2 and B.3. Presumably the "Flow restrictor diameter" in Table
B. 1.1 should be the same as the "Venturi" diameter in Figure B.2.2 - however
one pair of values (63.5 mm and 54 mm) is inconsistent. Figure B.2.2 depicts
blowdown rate measured for three different flow restrictors used in different
test series. Tests 5703-1 and 5703-2 used the same flow restrictor. OK - but
having different experiments in the Table and Figure is confusing.

32. Page App B.4. For presentation purposes it would be useful to write equation
1 in words (e.g. identifying the first term on the RHS as an exit loss). I would
have appreciated more explanation of the added mass term - presumably
relates to acceleration of water close to the vents in the suppression pool. Yes.
OK

33. Page App B.5. Apparent contradiction between "The value of K used in these
calculations was 3, and no attempt was made to fit the data by varying this
parameter..." and subsequently "Calculations show that variations in the
range... 1 < K < 6 do not significantly influence the pressure transient".

Not clear why contradictory. The first is for the experimental data, the
second is to show it is not a sensitive parameter in the application. The
reason is that the second statement is in the section "Model Validation" and in
a paragraph referring to comparisons with the experimental data.
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34. Page App C.3, Figure CA. The left hand part of this figure is difficult to read
and understand. The caption refers to DNS = Direct Numerical Simulation -
was this with ESPROSE? - if not what is the relevance to ESPROSE
validation?

The caption indicates that these are all pressure transients. No, ESPROSE is
an effective field code. They were done with ALE3D. The relevance is that
we understand the origin of the sharp oscillations and that on the average
ESPROSE does a good job even though it is not equipped to capture the
oscillations. Suggest include reference to the DNS code, and include above
observation in text. YES WILL DO.

35. Pages App D.3 to App D5. While the simulations of the BETA experiments
look impressive, link to the simulations used for the BiMAC analysis should
be strengthened. In particular, was similar mesh resolution as used in the
BETA analysis (where we can observe a few (up to 10) cells in each direction)
available in the BiMAC analysis?

These are only to show that we have experience and understanding of
simulating such problems numerically. These two kinds of simulations are
at entirely different scales and for entirely different purposes. We show
convergence in the BiMAC simulations and the effect of 2D vs. 3D, and that
is all that is necessary. Apart from demonstrating experience, the response
suggests that the relevance is not direct. YES, SO WE STATED IN THE
REPORT.

36. Page App E.3. The pressure gradient due to acceleration appears to be non-
zero when there is no phase change occurring - is this correct? (Note that I
have not reviewed the model equations in detail).

Typo. Correction will be made in Final report OK

Pages App E.6 to App E.8. Have the authors an explanation for the apparent
underprediction of pressure drop at low flow rates (I recognise that this does not
apply to the low inclination case).

We believe this is related to the performance of a slip ratio chosen (s-10) and
the L-M correlation at the low pressure, low flow rate domain. For higher slip
ratio (s-40), the calculation gives over-prediction. OK.

Appendix - typographical errors etc (not to be included in formal review)

Much appreciated. All made for the Final report.
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ROAMM-Review of "Severe Accident Management in Support
of the ESBWR Design Certification" by Theofanous and Dinh
Brian Turland

Serco Assurance, UK

Review Process

The intent of the review is to satisfy the following request from Dr S Bhatt of GE Energy:

"The purpose of this document [i.e. the document to be reviewed] is to put forth and
demonstrate a severe accident management concept that is consistent with the high
expectations (GE's, NRC's and the public's) on the safety of this new passive plant
design. The intent of this review is to assess whether this purpose has been achieved
to a sufficient degree for the results to be usable in the regulatory/licensing arena."

The precise regulatory/licensing requirements are not stated. However, it is assumed that
there is an expectation that any new design will incorporate 1 "design features and procedures
that provide an additional (diverse and redundant) layer of defense against all threats to
containment integrity arising from [core damage events]". In line with IAEA guidance2, the
assessment of this level of defense "need not involve the application of conservative
engineering practices.... but rather should be based upon realistic or best estimate
assumptions, methods and analytical criteria". However, where large uncertainties remain,
there is considerable merit in maintaining "an overall conservative mentality of treatment" as
stated in the ROAMM philosophy 3. Thus, this review is concerned with whether the
challenges posed to the containment, or confinement, function by the spectrum of core melt
accidents identified for the ESBWR are adequately addressed in a convincing manner by the
design features incorporated into the plant and/or the analysis presented in the report.

Severe accident phenomena are complex and it can be argued that the details of many
processes are not fully understood. It is a feature of the ROAMM approach that it tries to
identify areas of uncertainty, whilst making best use of current understanding (supplemented
by experimental and analytical efforts) to allow issue closure without the need to address all
details of all processes (e.g. those leading to the spontaneous triggering a steam explosion).

The ROAMM approach uses models of various levels of complexity, and, inevitably, of
various levels of validation. Thus, in each area one can pose a number of questions for use
in the review:

1. Has the threat to the confinement function been adequately identified?
2. Is the "Identification of the Key Physics" complete?
3. Are the "Key Physics" adequately addressed in the models used in the

quantification?
4. Is the validation status of the models sufficient for the use made of the results in the

assessment; in particular have differences in materials and scale been adequately
assessed?

5. Is the overall assessment justified with "a conservative mentality of treatment"?

Within the time-frame available for this review, the reviewer has concentrated on the report
itself, including the Appendices. In general, the use of referenced material has been
accepted at face value. Some of the referenced material has been reviewed previously in the
context of USDoE's Advanced Reactor Severe Accident Program. In addition the
documentation related to the resolution of the DCH issue for Zion (NUREG/CR-6075 and
NUREG/CR-6075, Supp. 1) has been examined as part of the current review.

1 ESBWR SAM Report, Page A.1
2 IAEA Safety Standard NS-R-1: Safety of Power Plants: Design, Vienna 2000, para 5.31.
3 ESBWR SAM Report, Page B.1
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Overview of Documentation Provided

The report would benefit from an introductory section covering melt-down scenarios, including
the timing and nature of the threat to the reactor vessel. Currently this discussion is given in
the Addendum to Chapter 1, which refers back to work from the early 1990s. I would have
liked to see a more detailed discussion, clearly representing the views of the BWR community
(see Overall Assessment for more details).

As indicated by the authors, the assessment is based on methods evolved from application to
issue resolution for other plant designs, which have been documented in previous studies.
Thus, apart from where new models are introduced, the presentation tends to be incremental.
This, apart from taking the authors' general claims at face-value, makes it difficult to
appreciate the real the level of validation and conservatisms in the modelling.

In most cases I found the arguments easy to follow, although there are some areas where
editing would help (focussing on the main argument) and removing forward references within
a chapter.

In general, the "Summary and Conclusions" section at the end of each chapter are well
presented and supported by the material within the chapter.

Overall Assessment

The results of the Level 1 PSA for the ESBWR given in Chapter B have been taken at face-
value. It is assumed that the Level 1 PSA has been subjected to a thorough review and that
the results presented are not changed significantly (e.g. increased by an order of magnitude)
when allowance is made for uncertainties.

Before considering the threats to the confinement in detail, it would have been useful to have
more background on current understanding of melt progression in BWRs in general, and how
this applies to the ESBWR in particular. This would then be reference material for the later
chapters addressing the threats. It would then be easier for the reader to determine whether
the assumptions made in the analysis of threats has indeed been done with "a conservative
mentality of treatment".

I remain sceptical of the ability of computer codes to predict the detail of melt-down; however,

analysis can give significant insights.

In the Addendum to 1.4.3, two possible bifurcating scenarios are identified:

Scenario I involves a significant fraction of the core (considered to be in the range
-10 to 30%) being suddenly released into the lower plenum. The debris in this
scenario is referred to as "largely oxidic". This scenario appears reminiscent of the
TMI-2 melt release from the core to the lower head, and probably relies on some self-
crucibling process in the core. Assuming that this is possible in the ESBWR design,
the conditions for release from this crucible depend on the potential weakness of the
crucible and the available flow paths for the released melt. It is plausible that the
possibilities for re-forming the crucible, and thus accumulating more mass, are less
for the BWR geometry than for a PWR, but I do not see a hard argument why a
"significant fraction" of the core should be limited to 30%. While the text implies that
such a scenario "would create the potential for immediate failure of one or more of the
lower head penetrations", this might not be the most likely immediate outcome, as
significant quenching is possible. Thus Scenario I may evolve into Scenario 11.

Scenario II involves a gradual release into the lower head, ready quench, followed by
dry reheating. It is stated, without analysis, that failure (of a penetration, or the vessel
as a whole) would occur via melt attack by the superheated metallic components,
mainly steel and Fe-Zr eutectics while the oxidic contents are still mostly in solid
state. It is argued that an (upper) bounding estimate for the release is 30% of the

Serco Assurance Page 2



total metal inventory (with no oxidic component). Given this scenario, the distribution
of debris in the lower head when it becomes dry is very uncertain (previously molten
oxidic and metallic materials, along with unmelted structures and fallen components
including fuel debris. It is unclear whether a coherent metallic layer will form before
vessel failure (particularly if this is through a penetration weld).

Direct Containment Heating

I agree that, taking the results of the Level 1 PSA, that there need be no requirement to
address the likelihood of DCH given a high pressure core melt. However, the analysis
presented is useful in assessing the "Defence in Depth" of the design.

The analysis presented uses an extension of the CLCH, which was developed and reviewed
during DCH issue resolution for Zion, along with the companion TCE (Two-Cell Equilibrium
Model) developed by Pilch et al. A clearer exposition of the key physical assumptions used in
the CLCH model and their experimental validation would be desirable. As I understand it, the
key observation for typical large dry PWR containments is that debris de-entrains from the
blowdown gas flow in the lower sub-compartments, and so does not provide a heat source to
the whole containment. In the CLCH model, this is interpreted as implying that the debris can
only interact with the blowdown gas, and then potentially only for a limited time 7.. The

consequence is that high temperatures are reached in the blowdown gas, which then loads
the upper dry well, but much of the heat is retained in the melt. Thus the retention of the
melt/debris in the LDW is a key assumption. It seems from Fig 1.4.1.4 that some related
experimental work was performed - did this investigate any potential carryover from the wall-
jets into the UDW? The lack of carry-over to the UDW would seem to be the "key physics"
required to justify the application of the model to the ESBWR.

As presented the transient CLCH uses temperature independent properties. This is useful for
exposition and providing rapid calculations. However, the results could be under-written
using more detailed property functions for both the steam blowdown and the debris.

It is noted that some system parameters in Table 1.4.3.4 have been updated to be consistent
with the design - in particular the volume of the primary system was underestimated in the
original calculations (what is the impact on the "bounding case"?). It would be preferable for
the report to only include calculations with the proper plant data.

It is noted that the parameterV/,w (effectiveness of gas-coolant heat transfer in the

suppression pool) which is set to 0.5 in the original calculations (Table 1.4.3.5) was
subsequently increased to 0.9 (Table 1.4.3.5Rb). This looks uncomfortably like a parameter
modification to counter the original underestimate of the blowdown mass.

The conclusions (Section 1.5) are supported by the analysis presented. As indicated above,
though, I would have preferred an introductory review of meltdown and vessel failure
scenarios, to further justify statements on the conservative nature of the scenarios
considered.

Ex-Vessel Steam Explosions

It is noted that most of the risk from EVE is eliminated by ensuring that there is limited water
available in the LDW at the time of melt relocation by containment design and by careful
design of the LDW deluge system to prevent premature flooding. It will be necessary to
ensure that these provisions remain, and that their reliability can be justified in the final
design.

It is accepted that the treatment of triggering is fully conservative in this analysis. I am less
convinced that the efficiency is treated in a strictly bounding fashion, although it may still in
practice be conservative (to be demonstrated using experimental data - however the
demonstration in Annex C appears to be closer to "best" estimate than conservative).
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There has been much testing of pre-mixing codes against experimental data, less so for the
propagation phase because of the paucity of adequate experimental data. There is
disagreement amongst experts, as reflected in the OECD SERENA group, whether the
current generation of codes are fit for purpose - i.e. they have sufficiently validated models to
allow convincing application to plant situations. Current experience is that there is an
apparent tendency to over-estimate void formation in low sub-cooling cases (FARO
experiments) in pre-mixing, so "steam chimneys" may not be as well defined as in the
numerical simulations. Nevertheless, these more voided regions will provide venting should a
steam explosion be triggered. The modelling of the propagation phase is more problematic,
as it involves disequilibrium between the coolant interacting with the fragmenting melt
(microinteractions) and the bulk of the steam/water phase. As indicated in the text
parameters can be selected in the ESPROSE.m code to give a reasonable fit to integral
propagation data. However, I would prefer to see more discussion of uncertainties and their
potential impact on the results. Granted that these issues have been presented elsewhere,
and been subject to review, but I would have looked for a more integrated treatment of these
issues in this report.

The new results for the pedestal fragility depend on the new concrete model in DYNA3D. I
cannot comment on this, except to note that validation references are cited by the authors.
This section of the report would benefit from clearer figures (e.g. predicted pipe strains and
deformations under the applied loads.

The probabilistic section at the end of Chapter 2 appears schematic. As is usual with the
ROAMM authors there is a reluctance to discuss uncertainties in their "deterministic"
calculations and the potential impact on the "load" quantification; arbitrary loads appear to be
have been assigned to cases that do not threaten the pedestal or the BiMAC.

Protection against Basemat Melt Penetration

The inclusion of the BiMAC in the design is in line with the "Defence in depth" philosophy, and
coupled with other changes from earlier BWR designs removes most of the possible risks
associated with a deep water pool in the LDW at vessel failure (and also the potential benefits
associated with debris quenching). My main concern about this, and similar devices, is that of
commissioning, inspectability, testing and maintenance. It may be argued that these are not
needed for an item introduced for severe accident management as this "need not involve the
application of conservative engineering practices...", but consideration will need to be given to
having confidence that the BiMAC and associated systems would perform as anticipated
after, say, 30 years of plant operation. The basic structure and pipework should be sound,
but one will need to consider the associated instrumentation to initiate water flooding.

It remains to be seen whether the reliability requirements associated with the water flooding
(both low failure on demand, and low possibility of inadvertent operation) can be
demonstrated.

Reference is made (e.g. on Page 111.3) to confirmatory testing of the BiMAC concept. What is
planned?

It is stated (page 111.7) that "One major simplification at present is that the behaviour is not
suspectible to the so-called focussing effect". This assertion should be justified. Is this on the
basis of the debris composition, or the long term survivability of the ceramic layer, thus forcing
the heat flux in an upper metallic layer upwards. Was consideration given to the possibility of
"MASCA" type configurations with a denser metallic layer (again the answer may lie in the
long-term stability of the ceramic layer and its impact on the heat flux distribution from the
metallic layer). [In the Tianwan catcher, the focussing effect was removed by including a
large inventory of metal in the catcher.]

I believe that there is a high probability that the proposed zirconia liner will provide adequate
protection to the BiMAC pipes, but more consideration of how the liner is secured may be
appropriate (I imagine a scenario in which some cracking has occurred, with the potential for
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part of the liner to float in the dense oxide layer). A fuller discussion of materials interaction
issues may also be appropriate.

The assessment of the critical heat flux, based on the ULPU experiments, is sound.

A new model has been introduced (using old correlations) to address the potential for burn-
out. Appropriate data (that from the SULTAN experiments) has been used to test the model.
However, this would appear to be an appropriate area for confirmatory experiments in support
of the BiMAC design.

Conclusions Summarised in the Form of CPETs

Chapter 4 provides a reasonable summary of the ROAMM evaluations.

Aspects for clarification
1. Page 1.1, last sentence. There is reference to the "gap space" of the LDW. What

"gap"?

2. Page 1.2, item (b). It is stated that the presence of the thermal insulation around the
vessel will be conservatively ignored. I assume this is to generate maximum
pressure in the UDW.

3. Page 1.6. Apparently contrary to the above, the figure caption states that "The
annular space between the RPV and the shield is filled with insulation materials and
presents a flow blockage".

4. Page 1.6. Should there be other cross-hatched areas in the upper plane section?
What does the single-lined area represent?

5. Page 1.10 and 1.11. It is potentially confusing to say on page 1.10 that "In the
ESBWR.. we will take no credit for spontaneous depressurisation" and then find that it
is the first item in the "Key physics . that need[s] to be quantified in predicting a
realistic outcome" on the following page.

6. Page 1.11. It is stated that "the melt jet would remain essentially coherent until it hits
the LDW floor". I would have expected some spraying, particularly if the jet is narrow
(noting that the main driver is pressure not gravity).

7. Page 1.19. Wouldn't it have been better to introduce the CLCH model, before using
such terminology as "implying a DCH-scale of 1"?

8. Page 1.22. Given that rm, seems to be based on a simple geometric scaling and no

data are quoted for the specific application, I would have expected a larger standard
deviation to have been used.

9. Page 1.28. Why not vary (D (fraction of entrained metal that is oxidised) ?

10. Page 11.5. The authors claim that their codes [PM-ALPHA and ESPROSE.m] are "still
the state-of-the-art (CFD simulation) tools". Other groups would claim this accolade
for their own codes. The SERENA project suggests that, possibly because of
variability of the experimental data, significant modelling issues remain, particularly
related to the mixing phase of near prototypic melts. I am happy with the statement
that the codes are state-of-the-art.

11. Page 11.5. The last paragraph raises more questions than answers: Is liner energy
absorption the correct approach (noting the lower impulse to failure) and how were
the various conversions done. The paragraph could be removed without loss to the
argument presented in this chapter. NB - is the liner really 6-cm thick?

12. Page 11.8. Section 2.4.3, paragraph 1. Are the values quoted consistent (and
consistent with the discussion of ablation around penetrations elsewhere in the
report)? An overpressure of 0.2 MPa would give a release velocity in excess of
20 m/s. Is the volume fraction of 22% based on analysis, or a numerical effect of the
meshing (given the small area of the pour)?
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13. Page 11.14. Figure 2.4.3.3 (b) shows a large pressure spike for location B3 (but less
impulse than for B1 and B2). What is the cause of this - can the impulse be higher
closer to the corner?

14. Page 11.8/11.15. The text could be clearer on why reflections off the sidewall are not a
concern - a reduced diameter model (4 m), compared with the real diameter of
11.2 m (not as far as I am aware given in this chapter) is used for the calculations.
Were parametrics done with any other reduced model diameter?

15. Page 11.18. The BiMAC model. As below, the quoted results are difficult to glean
from Figure 2.4.4.6. Figures showing the deformation of the pipe in section would be
better. Is "Concrete damage", as shown in the figure, a significant issue? This
should be discussed. How was the 20 cm refractory layer treated in the model? Can
one make an argument, based on vertical displacements in the 1-D calculation that 2-
D loading effects, along the pipe direction will not jeopardise the pipe?

16. Page 11.21. I generally found this figure confusing. Cases (c) and (d) are identical (as
I would expect) except for the concrete model used - but the other cases are all
different - so there are actually 5 load cases, if the caption is correct. The sub-
captions have "eps > ... " - can this be interpreted as a maximum value for the
particular model? Likewise, I assumed that areas that are red in the accompanying
diagram should be interpreted as failed concrete. However, this seems to be contrary
to the interpretation on Page 11.18 of Figure 2.4.4.3, where all cases appear to show
concrete damage, but the text says that "...is seen to hold up quite well" - is this the
effect of the liner rather than the concrete?

17. Page 11.24. Figure 2.4.5.1. I am not clear of the origin of the CCLP "curve" that falls
from 1 to zero at -70 kPa.s. The text says this is based on the calculated loads for
1 m and 2 m sub-cooled pools, which according to the figures can reach -200 kPa.s,
while the earlier text (page 11.8) refers to loads on the side up to 150 kPa.s

18. Page 11.24/11.25. I understand that the CCLP-LL line on Figure 2.4.5.2. is schematic,
but no calculations have been presented for the LL case (H < 0.7 m), so where does
the bounding value come from - why isn't it shaped schematically as is the case for
the CCLP-HL line?

19. Page 111.3. Reference is made to confirmatory testing of the BiMAC concept. What is
planned?

20. Page 111.7, paragraph 1. I believe that the statement with regard to subsequent
projects that "All this work is confirmatory of the work done in UCSB.." is too broad.
Some tests, such as MASCA, did identify phenomena not addressed in the initial
UCSB work. The important point is that the results did not jeopardise the conclusions
reached in the UCSB studies - and, indeed, in some areas were confirmatory.

21. Page 111.7, paragraph 2. The claim that DNS allows simulations with "great reliability"
is, I think, over-claiming what is demonstrated in Appendix D - "sufficient reliability", I
can accept.

22. Page 111.8, 1/3 rd way down. It is stated that .."we can expect, on fundamental
grounds, that ..[the local peaking will not be greater than a factor of 3]. What
fundamental grounds?

23. Page 111.10, last line - please justify "there is no convecting (metallic) melt layer.."

24. Page 111.12, line 8. "Extremely conservative" - what does this mean? To me, it
suggests an order of magnitude margin - this is not the case for these figures.
Having stated that they are for the "full core inventory", the main conservatisms would
appear to be the time at which the decay heat is evaluated (to be justified by
sequence analysis) and (probably) a conservative view of decay heat. The calculated
peaking on the lower boundary for "near edge channels" could be more conservative
in a real pool, but this would need justification.

25. Page 111.13, Table 3.4.3.1 - What does Vsump mean?
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26. Page 111.18, line 2. A reference to the stability of zirconia to molten zirconium is
desirable, as the phase diagram does show mutual solubility.

27. Page 111.18; second paragraph. Are we to conclude that the melting temperature
(solidus or liquidus?) is as low as 2340 K. I am surprised if this value is generally
accepted - although eutectics with Zr in the debris may give a significant molten
fraction at temperatures below 2500 K. I would use the Saito-based argument first -
and then indicate why it is likely to be conservative

28. Page App A.5. Are the freeboard volumes inside the subcompartment structures
correct in this Table Al?

29. Page App A.6. It is stated that "The comparison to IET-RR.... is very similar. The
comparison actually shows a 12% underprediction of the peak pressure in the IET-
RR case - enough to jeopardise the "absolute bounding case discussed on page
1.19.

30. Page App A.9. What is the level of the top of the sub-compartment in lET-l?

31. Pages App B.2 and B.3. Presumably the "Flow restrictor diameter" in Table B.1.1
should be the same as the "Venturi" diameter in Figure B.2.2 - however one pair of
values (63.5 mm and 54 mm) is inconsistent.

32. Page App B.4. For presentation purposes it would be useful to write equation 1 in
words (e.g. identifying the first term on the RHS as an exit loss). I would have
appreciated more explanation of the added mass term - presumably relates to
acceleration of water close to the vents in the suppression pool.

33. Page App B.5. Apparent contradiction between "The value of K used in these
calculations was 3, and no attempt was made to fit the data by varying this
parameter..." and subsequently "Calculations show that variations in the range... 1 <
K < 6 do not significantly influence the pressure transient"

34. Page App C.4. The left hand part of this figure is difficult to read and understand.
The caption refers to DNS = Direct Numerical Simulation - was this with ESPROSE?
- if not what is the relevance to ESPROSE validation?

35. Pages App D.3 to App D5. While the simulations of the BETA experiments look
impressive, link to the simulations used for the BiMAC analysis should be
strengthened. In particular, was similar mesh resolution as used in the BETA
analysis (where we can observe a few (up to 10) cells in each direction) available in
the BiMAC analysis?

36. Page App E.3. The pressure gradient due to acceleration appears to be non-zero
when there is no phase change occurring - is this correct? (Note that I have not
reviewed the model equations in detail).

37. Pages App E.6 to App E.8. Have the authors an explanation for the apparent
underprediction of pressure drop at low flow rates (I recognise that this does not
apply to the low inclination case).
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1.0 Objective

The objective of this brief report is to document the ESBWR pedestal wall finite element
analyses that were performed as a quick turnaround effort in July 2005 at Lawrence Liver-
more National Laboratory and describe the assumptions and failure criteria used for these
analyses [Ref 4]. The analyses described within are for the pedestal wall design that
included an internal steel liner. The goal of the finite element analyses was to assist in
determining the load carrying capacity of the ESBWR pedestal wall subjected to an
impulsive pressure generated by a steam explosion.

2.0 Model Description

The DYNA3D (ParaDyn) [Ref 2] finite element model used 1/8 symmetry and 523,887
solid hexahedral elements for the concrete and rebar materials, 13,200 shell elements for
the liner, and 501,600 nodes. The finite element model is shown in Figure 1. A summary
of the material properties assumed for each material at the time of the simulation is pre-
sented in Table 1. A kinematic isotropic elastic plastic material model was used for the
steel liner and rebar materials and the Karagozian & Case nonlinear constitutive model
was used for the concrete. Symmetry boundary conditions were applied to the sides of the
finite element domain and the base of the pedestal wall was assumed to be completely
fixed in all three global directions.

3.0 Material Model Descriptions and Damage Metrics

3.1 Material Models

The K&C concrete model was developed by Javier Malvar, Jim Wesevich, and John
Crawford of Karagozian and Case, and Don Simon of Logicon RDA [Ref 3]. The concrete
model uses three independent fixed surfaces to define the plastic behavior of concrete (see
Figure 2). The three surfaces are defined by pressure on the horizontal axis and deviatoric
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stress on the vertical axis. These three surfaces define three important regions of concrete
behavior. It can be seen easily if one plots the stress-strain response for a uniaxial uncon-
fined compression test (see Figure 2). The material response is considered linear up until
point 1, or first yield. After yielding, a hardening plasticity response occurs until point 2,
or maximum strength, is reached. After reaching a maximum strength, softening occurs
until a residual strength, which is based on the amount of concrete confinement, is
obtained.

For this analysis, complete concrete damage is defined as concrete which has reached the
residual strength of the concrete material. The post-processor will use the color red to
denote concrete which has reached point 3 (Figure 2). Furthermore, this concrete material
model takes into account strain-rate enhancement. At high strain rates, the apparent
strength of concrete and the corresponding strain at peak stress both increase. It has been
shown by experimental tests that there are different rate enhancements for tensile and
compressive loading. The strain rate enhancement factors used are those determined by
the Air Force and are shown in Figure 3. For a more detailed discussion on this concrete
damage model, please refer to the attached appendix. Extensive verification and validation
of this material model has also been performed by Karagozian & Case [Ref 1].

A kinematic isotropic/elastic-plastic material model was used for the steel liner and rebar
materials. Material failure for this model is determined in the post-processing step of the
analysis and is not modeled within the constitutive model itself. During the post-process-
ing step, material failure may be determined by thresholding the steel effective plastic
strain at various values, with a value of 0.2 or 20% being the typical value assumed.
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model includes 10 m high by 45 degrees by 2.4 m thick section of
reinforced concrete

Symmetry planes

Concrete Shear Rebar

f' = 5,000 psi ay = 60,000 psi

I

Hoop Rebar

ayy = 60,000 psi

Vertical Rebar

ay = 60,000 psi

FIGURE 1. DYNA3D finite element model.
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Aa = 3-J2 >0

yield compression

f_ residual

P1. 3

a) Y 1 P

residual
Nffi

-yield tension

l damage, or 6= 2

b)

Pt. 3

FIGURE 2. a). Three independent fixed failure surfaces for DTRA concrete material model; b).
Uniaxial representation of concrete stress-strain curve.
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FIGURE 3. Strain rate effects on tensile and compressive strengths determined by Air Force.

TABLE 1. Assumed Finite Element Material Properties

Material Property Value Units

Concrete compressive strength 5000 psi

Concrete tensile strength 500 psi

Rebar modulus of elasticity 29e+06 psi

Rebar Poisson's ratio 0.29

Rebar yield strength 60000 psi

Rebar tangent modulus 110800 psi

Steel liner modulus of elasticity 27.2e+06 psi

Steel liner Poisson's ratio 0.3

Steel liner yield strength 33140 psi

Steel liner tangent modulus 556000 psi

3.2 Failure Criteria for Pedestal Wall

Multiple criteria was used to determine failure of the pedestal wall. The first criteria was
the concrete damage parameter within the Karagozian & Case material model. The dam-
age parameter shows, in a simplified sense, at what location on the stress-strain curve the
concrete is at. For example, undamaged concrete or concrete that has not reached first
yield, is shown in a blue color. Material that has reached maximum yield is shown in a
green color, and material that has reached its residual strength is shown in a red color.
Unfortunately, a concrete damage parameter, by itself, is not necessarily a good indicator
of structural integrity after an extreme loading event. In other words, a concrete damage
criterion, either using an internally calculated "damage parameter" or a shear criterion,
does not give the structural analyst an indication of the remaining strength in the other
structural members, such as the rebar or the steel liner. Effective plastic strain was the
variable used to evaluate the damage to the steel. In the original simulations, it was
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assumed that the rebar would fail if the effective plastic strain was 20% or higher. The fail-
ure strains for the steel liner was assumed to be a higher value of 30%, due to the ductility
that was assumed for this material at the time of the calculation. Total failure of the pedes-
tal wall is assumed to occur if the concrete is fully damaged and the rebar has reached
20% effective plastic strain throughout the entire wall section.

4.0 Simulations

This brief report will discuss only the three simulations that included an internal steel
liner. The only difference between the three simulations was the impulse applied to the
structure. The pressure time histories used for the three different cases are shown in
Figure 4. The three different pressure time histories have three different impulses: approx-
imately 200 KPa-sec, 300 KPa-sec, and 600 KPa-sec. A brief damage summary is pre-
sented for all three cases in Table 2.

5.0 200 KPa-sec Case

Figures 5 through 8 show the concrete damage, steel liner effective plastic strain, and
rebar effective plastic strain pseudocolor plots for the 200 KPa-sec impulse case at a simu-
lation time of 0.039 seconds. The concrete is significantly damaged at the bottom portion
of the pedestal wall. The concrete that is shown in red is at its residual strength and is con-
sidered completely damaged, which for this constitutive relationship means that the con-
crete has some strength based on the amount of confining pressure the concrete is
experiencing. If the concrete is not confined and is fully damaged, the concrete has virtu-
ally no strength. Therefore, material that is not confined by rebar, such as the cover con-
crete on the backside of the pedestal wall, is most likely going to spall off of the structure.
The steel liner has a peak effective plastic strain value of 9.81% at the base of the structure
where the finite element model is fixed. This value is therefore the maximum value shown
in the pseudocolor plot legend shown in Figure 6. The maximum rebar effective plastic
strain is shown to be 12.89%, which also occurs at the base of the pedestal wall. None of
the rebar strains come close to the assumed failure criterion of 20%. The outer hoop rebar
strains are shown to have values near 4%, based on the pseudocolor plot shown in
Figure 8.

6.0 300 KPa-sec Case

Figures 9 through 12 show the concrete damage, steel liner effective plastic strain, and
rebar effective plastic strain pseudocolor plots for the 300 KPa-sec impulse case at a simu-
lation time of 0.038 seconds. The calculation predicts the concrete to be fully damaged at
the base of the pedestal wall. To evaluate whether the pedestal wall has been fully rup-
tured, the rebar strains must be analyzed similar to the 200 KPa-sec case. If the rebar
strains are not predicted to be near rebar rupture strain levels, the majority of the damaged
concrete may be confined within the rebar cage and total failure of the pedestal wall may
not be predicted. A significant amount of the axial rebar at the base of the pedestal wall
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has reached the assumed failure strain of 20%. From the pseudocolor plots, however, it
appears that the outermost axial rebar has not reached 20% effective plastic strain levels
and the outermost hoop rebar is experiencing strain levels near 7%. This can all be seen by
closely examining Figure 12. It is therefore predicted that although the concrete is fully
damaged throughout the entire bottom section of the wall, the rebar may have some resid-
ual strength to provide concrete confinement and prevent total failure of the wall. This
simulation predicts peak steel liner strains near 20-24% at the base of the pedestal wall.

7.0 600 KPa-sec Case

Figures 13 through 16 show the concrete damage, steel liner effective plastic strain, and
rebar effective plastic strain pseudocolor plots for the 600 KPa-sec impulse case at a simu-
lation time of 0.024 seconds. Again, the concrete is predicted to have extensive damage
throughout the base of the pedestal wall. The steel liner effective plastic strains have
reached a level of 30% or higher at the base of the pedestal wall and is predicted to rup-
ture. The strain levels have reached 20% or higher for all of the axial rebar at the base of
the pedestal wall and is not expected to carry any further load. Significant strains reaching
levels near 20% are also predicted for the outermost hoop rebar (shown in Figure 16) and
is also not expected to carry any further load. Definite wall failure is predicted for this
impulse level.

TABLE 2. Damage summary.

Axial Rebar Hoop Rebar Liner Strains at
Impulse Level ConcreteDamage Strains at Base Strains at Base Base (EPS)

KPa-sec at Base (EPS)a (EPS)

200 Fully Damaged 12.89% 4% 9.81%

Outermost rebar
300 Fully Damaged has not reached 7% 20-24%

20% strain levels

600 Fully Damaged 20% or higher 20% or higher 30% or higher

a. Effective Plastic Strain
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FIGURE 4. Pressure time histories applied to structure.
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FIGURE 5. Concrete damage pseudocolor plot for 200 KPa-sec case.
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FIGURE 6. Steel liner effective plastic strain pseudocolor plot (taken at the mid-point of the shell
element) for the 200 KPa-sec case.
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FIGURE 7. Rebar effective plastic strain pseudocolor plot for 200 KPa-sec case.
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FIGURE 8. Blown up view of rebar effective plastic strain at base of model for 200 KPa-sec case.
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FIGURE 9. Concrete damage pseudocolor plot for 300 KPa-sec case.
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FIGURE 10. Steel liner effective plastic strain pseudocolor plot (taken at the mid-point of the shell
element) for the 300 KPa-sec case.
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FIGURE 11. Rebar effective plastic strain pseudocolor plot for 300 KPa-sec case.
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FIGURE 12. Blown up view of rebar effective plastic strain at base of model for 300 KPa-sec case.
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FIGURE 13. Concrete damage pseudocolor plot for 600 KPa-sec case.
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FIGURE 14. Steel liner effective plastic strain pseudocolor plot (taken at the mid-point of the shell
element) for the 600 KPa-sec case.
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FIGURE 15. Rebar effective plastic strain pseudocolor plot for 600 KPa-sec case.
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FIGURE 16. Blown up view of rebar effective plastic strain at base of model for 600 KPa-sec case.
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1.0 Background

Concrete is perhaps one of the most widely used construction materials in the world. Engi-
neers use it to build massive concrete dams, concrete waterways, highways, bridges, and
even nuclear reactors. The advantages of using concrete is that it can be cast into any
desired shape, it is durable, and very economical compared to structural steel. The disad-
vantages are its low tensile strength, low ductility, and low strength-to-weight ratio. Con-
crete is a composite material that consists of a coarse granular material, or aggregate,
embedded in a hard matrix of material, or cement, which fills the gaps between the aggre-
gates and binds them together. Concrete properties, however, vary widely. The properties
depend on the choice of materials used and the proportions for a particular application, as
well as differences in fabrication techniques. Table 1 provides a listing of typical engineer-
ing properties for structural concrete.

TABLE 1. Typical Engineering Properties of Structural Concrete

Compressive strength 5000 lb/in.2

Tensile strength 400 lb/in.2

Modulus of Elasticity 4 x 106 lb/in.2

Poisson's Ratio 0.18

Failure Strain for Unconfined Uniaxial Compression 0.002
Test

Failure Strain for Unconfined Uniaxial Tensile Test 0.00012

Coefficient of Thermal Expansion 5.6 x 10-6 / OF

Normal Weight Density 145 lb/ft.3

Lightweight Density 110 lb/ft.3

Properties also depend on the level of concrete confinement, or hydrostatic pressure, the
material is being subjected to. In general, concrete is rarely subjected to a single axial
stress. The material may experience a combination of stresses all acting simultaneously.
The behavior of concrete under these combined stresses are, however, extremely difficult
to characterize. In addition to the type of loading, one must also consider the stress history
of the material. Failure is determined not only by the ultimate stresses, but also by the rate
of loading and the order in which these stresses were applied.

The concrete model described herein accounts for this complex behavior of concrete. It
was developed by Javier Malvar, Jim Wesevich, and John Crawford of Karagozian and
Case, and Don Simon of Logicon RDA in support of the Defense Threat Reduction
Agency's programs. The model is an enhanced version of the Concrete/Geological Mate-
rial Model 16 in the Lagrangian finite element code DYNA3D. The modifications that
were made to the original model ensured that the material response followed experimental
observations for standard uniaxial, biaxial, and triaxial tests for both tension and compres-
sion type loading. A disadvantage of using this material model, however, is the over-
whelming amount of input that is required from the user. Therefore, the goal of this report
is to provide future users with the tools necessary for successfully using this model.
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1.1 Terminology

Before discussing the details of this model, it is instructive to provide an overview of some
of the key terminology and nomenclature that will be used extensively later on in this
description.

1.1.1 Volumetric and Deviatoric Stresses and Strains

As you may recall, stress can be broken up into its volumetric and deviatoric parts as fol-
lows,

a = GM+S (EQ 1)

In indicial form,

1
GMj = 1 Gkk 6 iiMY3

or GMU = P6 gj (EQ 2)

where

1
P = -kk

and

or P = ((711 + 0F22 + 0"33)

1
S]ij = Gi -- kk8iJ

(EQ 3)

(EQ 4)

However, in DYNA3D, pressure is defined as the negative of the one defined above,

1
P = -1((Y11 + (T22 + (T33) (EQ 5)

so that pressure is positive in compression.

In addition, for a principal coordinate system that coincides with the directions of the prin-
cipal stresses, all the a ij, with i #j, terms vanish so that

p = 1 (al +(T2 + T3)

Si = max{G(1 -_P1 ( 2 _PG(3 -_P1

and

(EQ 6)

(EQ 7)

Finally, volumetric and deviatoric strains are commonly written as,
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2 (EQ 8)
Eq = 53\1 - 3

1.1.2 Stress Invariants

Scalar quantities may also be constructed out of the tensor (Yij, that is,

P 1 = 0ii

P2 = 0YU 0.i (EQ 9)

P 3 = ij0.jk0.ki

These scalar quantities constructed from a tensor are independent of any particular coordi-
nate system and are therefore known as invariants. In the principal coordinate frame, these
quantities are usually written as,

P 1 = (51 +0. 2 +0. 3

P 2 = (51 + G2 +Y (EQ 10)

P 3 = a3 + a 3 + 0T3

1a2 + 3

In this particular model description, however, the stress invariants are defined as follows,

i1 3p = (a1 + (Y2 + aY3)

12 21 2 3J]2 = 2(1+2$) or

2 ( 0T 1 - -( 2 )2 + ( 71 - -YO3 ) 2 + ( 0 "2 - -a3 ) 
2  (E Q 11)

13 = S 1S2S 3

1.1.3 Triaxial Compression and Extension

The triaxial compression test provides the means for defining the effect of confinement on
the strength of the concrete. When a lateral confining pressure is applied, the increase in
compressive strength can be very large. In addition, the application of a lateral confining
pressure leads to a large increase in the compressive strain at failure. The effect of a con-
fining pressure on strength is, however, more beneficial for weak than for strong con-

Appendix January 22, 2007 25



cretes. In the case of tension plus biaxial compression, the tensile strength is reduced by
the application of lateral compressive stresses.

0T2 ý(3
/-0- GY32=03

02

FIGURE 1. Description of triaxial test

A typical triaxial compression test is defined as follows:

1. at the beginning of the test, a I = 02 = P

2. during test, 01 increased until failure.

3. At failure, the concrete strength is defined as Aac = (Y - Y21.

A typical triaxial extension test is defined as follows:

1. at the beginning of the test, a0I = 2 = P.

2. during test, al increased until failure.

3. At failure, the concrete strength is defined as Ao, = o1 - 021

A comparison of the concrete strengths may be computed as

W = (EQ 12)

The value, W, usually varies from 0.5 < Ni < 1.0, depending on the amount of confining
pressure the material is subjected to.

The Ao value defined above will be used throughout the material description as a way of
referring to the shear strength of concrete. The Aa can also be related to the second
invariant of the deviatoric stress by

Aa = 432 (EQ 13)
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2.0 Nonlinear Concrete Model Description

The Karagozian & Case concrete model decouples the volumetric and deviatoric
responses. The model also uses an Equation of State (EOS). The Equation of State pre-
scribes a user-defined set of pressures, unloading bulk moduli, and volumetric strains.
Once the pressure has been determined from the EOS, a movable surface, or failure sur-
face, limits the second invariant of the deviatoric stress tensor (i.e. Aa5). In addition, the
model is strain rate dependent, which is extremely important for accurately simulating
blast effects.

2.1 Failure Surfaces

The model uses three independent fixed surfaces to define the plastic behavior of concrete.
The surfaces, which define three important regions of concrete behavior, can be seen eas-
ily if one plots the stress-strain response from an unconfined uniaxial compression test
(see Figure 2). The material response is considered linear up until point 1, or first yield.
After yielding, a hardening plasticity response occurs until point 2, or maximum strength,
is reached. After reaching a maximum strength, softening occurs until a residual strength,
which is based on the amount of confinement, is obtained. The three surfaces are defined
by the following equations:

Ay aoy + P (yield failure surface) (EQ 14)aly + a2yp

Aam = ao + - (maximum failure surface) (EQ 15)
a1 +a 2p

Aur = P (residual failure surface) (EQ 16)
aIf + a2,p

where a0y, aly a2y, ao, al, a2, aap and a2f are all user-defined parameters which change

the shape of the failure surface.

The current failure surface is calculated from the three fixed surfaces using a simple linear
interpolation technique:

1. if the current state lies between the yield surface and the maximum surface, the failure
surface is calculated using

A af = "q(A am - A(Ty) +A yy (EQ 17)

2. if, on the other hand, the current state is located between the maximum surface and the
residual surface, the failure surface is defined by

Aaf = TI(Aym - A(Yr) + A(Yr (EQ 18)
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where i" varies between 0 and 1, and depends on the accumulated effective plastic strain

parameter X. The current value of X - calculated using an equation that will be discussed

later - is compared to a set of 13 user-defined (TI, k) pairs, which are usually determined

from experimental data.The r1 value is 0 when X = 0, 1 at some value X = km, and

again 0 at some larger value of %. Therefore, if X < Xkm, the current failure surface is cal-

culated using EQ. 17, and if X > km,_ the current failure surface is calculated using EQ. 18.

In essence, the (Ti, %) values define where the current failure surface is in relation to the
three fixed surfaces for different values of plastic strain.
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FIGURE 2. Model failure surfaces and uniaxial stress-strain response
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2.2 Pressure Cutoff

The pressure cutoff was modified from the original DYNA3D material model 16 to pre-
vent the pressure from being lower than the maximum tensile strength ft , instead of

ft/3 . This allows for correct values of Aa for both the biaxial and triaxial tensile tests

(see Figure 3). For example, the uniaxial, biaxial, and triaxial Aa values are calculated as
follows:

1. Uniaxial: (al =ft,4 2 = 0, (T3 = 0)

I(O1 - -2)2 + 1- G3)2 + (02- -)2 Y

ýJ2 - F6 F
Aaft

ftp=-
3

2. Biaxial. ((71 =ft, 052 =4t (03 = 0)

= V/(a 1 -G 2 )2 + (aT-I53)2 +(02-(73) 2 f_

AG = f

2/
P-

p~ 3

3. Triaxial: ((51 =4t, (72 =4t1 (73 ---At

-I(TI -- G2)±2 + (715 -03)2 + (02- -03)2

Aa = 0
p =-ft
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When the material has failed in the negative pressure range, the previously defined param-
eter ri is used to increase the pressure cutoff from -ft to zero. The pressure cutoff, p,, is

calculated from the following rule (see Figure 3):

1. p, is equal to -ft if the maximum failure surface has not yet been reached.

2. p, is equal to -rift if the maximum failure surface has already been reached.

This pressure cutoff is needed because the EOS may calculate very large negative pres-
sures for large volumetric extensions beyond cracking, which is, of course, physically
unrealistic.

AG = 3-J 2 >!m0 a
maximum. compressive meridian

PC = -lift -3ft

2Jt

ft

-ft I

biaxial tensile path

uniaxial tensile path

maximum tensile meridian

-2f/3

FIGURE 3. Description of pressure cutoff and tensile paths

2.3 Damage Evolution

As you may recall, the current failure surface is interpolated between either the yield and
maximum surface or the maximum and residual surface using a set of user-defined (-i, X)

pairs. The current value of the damage parameter k is defined using the following rela-
tionships:
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+ri &blb

x= f de

o041 + pb 2

0r//+

when p > 0

when p<O

(EQ 19)

(EQ 20)

where the effective plastic strain increment is given by:

dE"= ý( )de.d. (EQ 21)

It is instructive to mention that this effective plastic strain increment is the one commonly
used for a von Mises isotropic hardening model for metals. In a more general case, the
effective plastic strain increment is defined as:

d ( V)d ejd e or in the longer format

(EQ 22)

2'+ d3l d2 ) 2 + 2 d. 2 4 2 ,(e12 + 2d
[ ( d + 1+[(d23 + 1

where e is the deviatoric part of strain and can be written,

1J 3 lUkk
(EQ 23)

The reasoning behind writing the effective plastic strain increment as in EQ. 21, is that
when modeling metals, it is postulated that the plastic deformation occurs under constant
volume (i.e. Ck = 0). This assumption forces e'.- = e.'. The drawback of using a devia-

toric damage criterion for concrete, is that the material cannot accumulate damage under a
pure volumetric extension, or triaxial tensile test, because the second deviatoric stress
invariant remains zero. Therefore, a volumetric damage increment was added to the devia-
toric damage whenever the stress path was "close" to the triaxial tensile test path. The

closeness to this path is calculated from the ratio ( 3,- 2)/p , which is 1.5 for the biaxial

tensile test, as you may recall from the pressure cutoff examples. The volumetric damage

increment is limited by a closeness parameter fd given by
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I[ ( 3j 2)/P ,0•_( 30 2 )/p <0.1
fd = (EQ 24)

01 ( 3.2)/p Ž>0.1

Then the modified effective plastic strain damage parameter is incremented by

AX = b3/dkd(Pv - Fv, yield) (EQ 25)

where b3 is a user-defined parameter that prescribes the rate of damage primarily in the

triaxial tensile regime, kd is an internal scalar multiplier, and £.v and Ev, yield are the volu-

metric strain and volumetric strain at yield.

The user-defined parameters b1 and b 2 , located in EQ. 19 and EQ. 20, also change the

rate at which damage occurs, and the rf value is a dynamic increase factor that accounts

for strain rate effects. It is important to note that the DYNA3D manual states EQ. 19 and
EQ. 20 as follows:

A = when p Ž 0 (EQ 26)+i +(T800(rf - 1 l +r• l

dA = when p < 0 (EQ 27)
[1 s O rf '11 + p b2

If the user defines s = 0, the strain-rate effects have been toggled off, and if s=100, the
strain-rate effects are included.

In addition, the values b2 and b3 , which govern the softening part of a tensile stress-strain

response, are mesh-size dependent. For example, this means that the softening response
for a 6 x 6 x 6 in. cube element will likely be different for a 1 x 1 x 1 in. cube element, if
the same values of b2 and b3 are used to define both element sizes. Therefore, different

material definitions should be used for different regions of the finite element model. It is
highly recommended that the user perform a series of single element tensile tests to view
whether the material model is indeed yielding the desired softening response. If the analy-
sis does not give a realistic stress-strain curve, the b2 and b3 parameters should be modi-

fied and the tensile test restarted. This iterative procedure should be continued until the
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desired result is achieved. Figure 4 shows the variation that can occur for WSMR-5 3/4
concrete.

WSMR-5 3/4 Concrete
500.0

- b2=0 16; M3=15
-- b20.5; b3=1.15

-b2=1.15; b3=1.15
400.0 - - b2=-2.15; b3=2.15

* 
\N

'~200.0

100.0Nz

0.000 0.002 0.004 0.006 0.008 0.010
z-strain

FIGURE 4. Effects of parameters b2 and b3 on softening for a single element tensile test.

The user may also track the failure surface evolution by specifying a value of 2 for the emr
output on card 4 of the DYNA3D material deck. This parameter tells the subroutine to cal-
culate a "damage" parameter 8, which is calculated in the following manner:

2X. (EQ 28)
X +-•m

This parameter will be a value of 0 until the initial yield surface has been reached, a value
of 1 when the failure surface reaches the maximum surface, and a value of 2 at the residual
surface.

In addition, an element deletion criteria was added recently. During extreme loading con-
ditions, some elements, after failing in tension, would stretch or deform continuously
without any limits. As a result, the time step would decrease until it was no longer feasible
to run the simulation. This can be a problem when the user wants to run the simulation out
to a far enough time to see the global response of the structure being analyzed. Therefore,
the element deletion criterion that seemed to give the best results for this type of situation,
was one that was based on a tensile volumetric strain. To use this feature, the user places a
volumetric strain value in row 4 of card 4 in the DYNA3D material deck. Once this volu-
metric strain has been reached, the element is deleted from the simulation. It is recom-
mended that a relatively high value be used, however, otherwise the element may be
deleted too soon. Furthermore, if the element being deleted is subjected to a pressure load-
ing at the time of deletion, that pressure loading will not transfer to the surrounding ele-
ments.
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2.4 Description of Third Invariant

As you may recall, in a three-dimensional principal stress space, the yield surface may be
visualized as a prism with the axis along the space diagonal a 1 = a2 = a 3 , which is the

ray OC shown in Figure 5.

CC

G+2

FIGURE 5. Three-dimensional state of stress and space diagonal

Since the stress state may be resolved into a volumetric component and a stress deviator
component, the cross section of the prism represents the deviatoric plane. The cross sec-
tion of the prism may be plotted on any plane perpendicular to the space diagonal. The
deviatoric planes have the following equation:

G1 + Y2 + y3 = constant (EQ 29)

where the nt -plane is the deviatoric plane that passes through the origin.

As you know, the yield condition attributed to R. von Mises is represented by a circle on
the n -plane (see Figure 6). The circle is the intersection of a sphere of radius r

FIGURE 6. Von Mises yield surface (plan view of 7E -plane).
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2 2 2 2
01 + 2+2 ÷+ 3 ---- r (EQ 30)

in the stress space and the plane

(1+(Y2+53 =0 (EQ31)

where r is defined by

r = y (EQ 32)

Since EQ. 31 is satisfied by strain deviator components, the equation for a von Mises yield
surface becomes

2 2 2 2 2

1+ + s 3 = Gy(EQ33)

which may also be written as

[01-2] + [- ]2 + [ ]2 = 22 (EQ 34)

Furthermore, written in terms of the stress deviator invariant, the yield surface becomes

ay = F3,-2. (EQ 35)

Therefore, the von Mises yield condition is based on the stress deviator and thus are essen-
tially independent of the hydrostatic pressure. This is appropriate for ductile materials, but
is not adequate enough to describe all isotropic materials, specifically materials which are
dependent on the hydrostatic pressure and the third stress invariant, such as plain concrete
and sand.

If a third invariant is included, the circles used to describe the yield condition on the devi-
atoric plane for the von Mises surface, can become triangular curves with smooth comers.
Based on experimental results of concrete, the intersection with the deviatoric plane is tri-
angular at low pressures and circular at higher pressures (see Figure 7).

A model was proposed by William and Warnke, which yields a smooth, convex triangular
surface (see Figure 7). If rc is the coordinate of the surface at the compressive meridian,

and rt the one at the tensile meridian, any intermediate position r may be calculated as

follows:

2,r2_rt2) cosO0+ rc(2rt -r,)ý4 (r2 rt2)(cOsO)2 + 5rt 2- 4rtrc
r = (EQ 36)4(rc - rt)(cosO)2 + (rc- 2rt)2
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By dividing both sides by rc and dividing the numerator and denominator of the right

2
hand side by rc, the equation now becomes

-1 2lf "c

C1
I1 = p =-1lf'cP -If,c

-7f'c
-5 f'c

-3f',

- f~c

72'

-_l/fie

a)
(NOTE: negative stress
represents compression;
positive stress represents
tension)

-G2

GI

600

b)

FIGURE 7. a) Concrete deviatoric sections for increasing pressure; b) William and Warnke model.

r' = 2(1 -- Wt2) COS0 + (2x -- 1) 2V4(1 _-W2)(COS0)2 + 2 -44
4(1 _-/gZ)( COS 0)2 + (1 -2 W)2 (EQ 37)
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where V = rt/rc and r' = r/rC. Note the similarity between our definition 4 here and

the one defined by EQ. 12. For 0 = 00, the formula yields r' = xg, and for 0 = 60' it

yields r' = 1 , where the value of 0 can be obtained from the following relationships,

coso = - 1 or cos30 = -4j/ J3 (EQ 38)
24•2 2 J1/2

2

Once the value of r' is known, the original compressive meridians are multiplied by r' at
that location. By doing this, we obtain separate tensile meridians and compressive meridi-
ans as was shown in Figure 2.

Up to this point, it has been said that the compressive meridian is known and the tensile
meridian is found by multiplying the compressive meridian by XV- However, the actual
material model, in certain regions, uses the tensile meridian to determine the compressive
one. For pressures greater than f,3 , the input compressive meridians are based on the

input parameters ao, a,, and a2 , as already stated. For pressures below f,' 3 and above

-ft, the tensile meridian is given by

3
ACT= 3(p d (EQ 39)

which passes through both the triaxial tensile test failure point and the uniaxial tensile test
point (See "Pressure Cutoff' on page 30.) At p = f,13 , the two meridians are forced to

coincide by determining an appropriate value of Ni. The compressive meridian for pres-

sures below fc/3 then follows as the image of the tensile meridian, which can be calcu-

lated by dividing the tensile meridian by W(P) at every pressure p. The determination of

Ni(p) is fully discussed in [Ref 2], and will not be discussed in this report. However, it
will suffice it to say that the function y(p) is determined from experimental data, and are
used internally by the code. Therefore, no input is required from the user.

2.5 Strain Rate Effects

In the analysis of concrete structures subjected to blast loading, the concrete may be sub-

jected to strain rates on the order of 10s-1 to 1000s-1 . At these high strain rates, the
apparent strength of concrete and the corresponding strain at peak stress both increase.
The fracture energy, or the area under the tensile load-deflection curve, is also believed to
increase. Since concrete strain rate effects are generally thought to be dependent on the
rate of crack propagation, the elastic modulus is assumed to be rate independent, because
at low stress levels no cracking is present. It has been shown by experimental tests that
there are different rate enhancements for tensile and compressive loading (see Figure 8).
The tensile strength increases by a larger factor than does the compressive strength. Fur-
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thermore, the tensile strength rate enhancements have a larger slope than the compressive
strength rate effects.

IHFOMML ENNUERNS U CRY AICY. TYNAU.AKI Ft.
D
Y
N
A
M

I

T
A
T

C

R
E
N
a3
T
14

TABLE 2. DYNA3D input

Strain Rate Strength Factor
-I.OOOE+02 7.960E+00

-1.000E-+O1 4.040E+00
-1.000EE+0 1.890E+00

-1.000E-0I 1.780E+00
-1.000E-02 1.670E+00

-1.,000-03 1.560E+00
O.OOOE+00 1.000E+00
1.OOOE-03 1.11 9E+00
1.OOOE-02 1.1 50E+00
1.000E-01 1.200E+00

1.000E+00 1.300E+00
1.000E+01 1.375E+00
1.OOOE+02 2.OOOE+00
1.OOOE+03 3.OOOE+004 41 -4 4 0 '3a 4

UGX4PNRAMMTE, 11M

FIGURE 8. Strain rate effects on tensile and compressive strengths ([Ref 3] and [Ref 41).

The DYNA3D model has the capability of using different strain rate enhancement factors
for tension and compression. These factors are input into a DYNA3D via the use of a load
curve (see Table 2). Please note that if strain rate effects are to be included in the calcula-
tion properly, one must specify a load curve number and also use s = 100 on card 4 of
the material deck. In addition, the negative values tell the code that those strength factors
are to be used for tensile strength, while the positive ones are to be used for compressive
strength.

The material model uses the negative values if p <ft/3 and the positive values if

p >f,13 . For pressures that lie between these values, a linear interpolation is used. The

rate effects are calculated by obtaining an enhanced Aue of the failure surface at some

pressure p. This calculation is represented by the following:

Y =(EQ 
40)

rf = rate enhancement factor; p = pressure calculated by EOS

First, an unenhanced pressure, p/rf, is calculated. This allows the code to obtain an

unenhanced strength at Aa(p/rf) from the compressive meridians. Then the unenhanced
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strength is multiplied by the strength factor to give the enhanced failure surface. This is
graphically represented by Figure 9.

Enhanced Compressive
Meridian fmneA(T>O 0

Maximum CompressiveMeridian fr
rff'c-

rfft fe(P) = rf fm(p/rd

STensile Meridian

FIGURE 9. Description of strength enhancement calculation.

2.6 Shear Dilation

Dilatancy is a term used to describe the volume increase which may result from the forma-
tion and growth of cracks parallel to the direction of the greatest compressive stress. Shear
dilation is the volume increase which may occur when concrete is subjected to shear
stresses (see Figure 10). When the material is cracking, the dilation continues until the
crack opening is large enough to clear the aggregates. At this point, dilatancy does not
continue.

To include the effects of shear dilatancy and to make sure that too much shear dilation
does not occur, a proper flow rule must be used. As you may recall, in a simple von Mises
isotropic hardening law for metals, the plastic flow develops along the normal to the yield
surface. This is known as an associative flow rule. If an associative flow rule is used for
the concrete model, too much shear dilation tends to occur. In DYNA3D material model
16, the original version of this model, instead used a constant volume Prandtl- Reuss
model, which is a non-associative flow rule. This rule, however, has the drawback of not
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being able to represent any shear dilation. Therefore, a partial associative flow rule is
used, where the amount of associativity is prescribed by the user input value (0, where a
value of 0 indicates no change in volume during plastic flow and a value of 1 indicates
shear dilation occurs according to an associative flow rule (see Figure 10). Typical con-
crete experiments show that the value of 0o should range from 0.5 to 0.7.

mortar crack
interface crack

macrocrack
aggregate

a)

Partial
Associative
Flow 0
0<Co<1

ative I/0ati1 Prandtl-Reuss Model
o=0on; CO = 0
No shear dilationAa

Associ
Flow;

/

k) = 0

P
b) C)

FIGURE 10. a)graphical representation of shear dilation; b) yield surface with associated flow
rule; c) description of associative, non-associative, and partial associative flow rules.

2.7 Equation of State

The DYNA3D equation of state form 8 (similarly form 12), prescribes the relationship
between pressure and volumetric strain. In addition, it also includes a tabulation of the
unloading bulk modulus at peak volumetric strains. Please note that volumetric strain is
positive in tension, and pressure is positive in compression. In general, the pressure vs.
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volumetric strain may have a cubic spline representation; however, the concrete data that
will be supplied in this report consist of a linear pressure vs. volumetric strain relationship
see Figure 11, Table 3, and Table 4).

C

B
A

ý K (F,, C)

£vC

FIGURE 11. Pressure vs. volumetric strain curve for equation-of-state Form 8 with compaction
(similarly Form 12).

TABLE 3. Input for equation-of-state form 12: WSMR-5 3/4 concrete

COLUMN 1 COLUMN 2 COLUMN 3 COLUMN 4 COLUMN 5

0.000000000E+00 -1.466000000E-03 -1.000000000E-02 -4.000000000E-02 -7.000000000E-02

-1.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 3.625000000E+03 1.513800000E+04 4.437000000E+04 8.076500000E+04

1.0321 10000E+06 0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

O.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

2.472250000E+06 2.472250000E+06 4.437000000E+06 4.437000000E+06 4.437000000E+06

4.437000000E+06 0.000000000E+00 0.000000000E+00 O.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

TABLE 4. Input for equation-of-state form 12: SAC5 concrete

COLUMN1 COLUMN 2 COLUMN 3 COLUMN 4 COLUMN5

0.OOOOOOOOOE+00 -4.760000000e-03 -1.004760000e+00 0.000000000e+00 0.000000000e+00

0.000000000e+00 0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.OOOOOOOOOE+00 1.015000000e+04 7.351500000e+05 0.000000000E+00 0.000000000E+00
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TABLE 4. Input for equation-of-state form 12: SAC5 concrete

0.000000000E+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00
0.00ooo00O0E+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00

0.000000000E+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00

2.131500000e+06 2.131500000e+06 2.131500000e+06 0.000000000e+00 0.000000000e+00

0.000000000e+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00 0.000000000E+00 O.OOOOOOOOE+00

O.OOOOOOOOOE+00 O.OOOOOOOOOE+00 1.000000000E+00 O.OOOOOOOOOE+00 O.OOOOOOOOOE+00

3.0 Concrete Material Properties

There are two concrete materials which have been used extensively with the DYNA3D
material model. These materials include the WSMR-5 3/4 concrete and the SAC5 con-
crete. Because having only two sets of material data is rather limiting to the user, a proce-
dure for scaling known data to another material is also presented.

3.1 WSMR-5 3/4 Concrete

This material model was used primarily for all of the Morrow Point Dam simulations pre-
sented. The primary reason for this is that the unconfined compressive strength of WSMR-
5 3/4 concrete is approximately 6500 psi, which is similar to the compressive strength of
the cylinder tests conducted on the Morrow Point concrete. The corresponding tensile
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strength of this material is approximately 465 psi. Figure 12 shows a plot of the compres-
sive meridians, a single element tensile test, and a uniaxial unconfined compressive test.

3.2 SAC5 Concrete

The SAC5 concrete material was used for the DYNA3D/ALE3D concrete wall bench-
mark experiment presented earlier in the report. This material has an unconfined compres-
sive strength of approximately 5500 psi and a tensile strength of 365 psi. Furthermore, a
comparison of the (r1, %) pairs of SAC5 concrete to those of WSMR-5 3/4 concrete,
reveals that the failure surface of SAC5 concrete is reached at a later damage value X than
for the WSMR-5 3/4 concrete. Figure 13 similarly shows a plot of the failure surfaces, a
single element tensile test, and a uniaxial unconfined compressive test.

TABLE 5. DYNA3D input for WSMR-5 3/4 concrete: mesh size (6 x 6 x 6 in. cube)

COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN
CARDS 1 2 3 4 5 6 7 8

3 1.900E-01 4.640E+02 1.946E+03 4.463E-01 1.228E-05 1.500E+00 5.000E-0I 4.417E-01

4 s=0 or 100 2.000E+00 0.000E+00 volumetric 0.OOOE+00 load curve O.OOOE+00 0.OOOE+00
strain at giving rate
failure sensitivity

5 0.000E+00 1.000E-05 3.000E-05 5.000E-05 7.OOOE-05 9.OOOE-05 1.1OOE-04 2.700E-04

6 5.800E-04 7.800E-04 1.331E-02 5.OOOE-01 6.OOOE-01 1.150E+00 1.469E+03 6.250E-01

7 0.OOOE+00 8.500E-01 9.600E-01 9.900E-01 1.000E+00 9.900E-01 9.600E-01 5.000E-01

8 5.000E-02 1.000E-02 O.000E+00 0.000E+00 0.000E+00 1.600E-01 1.797E-05 3.981E-05
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NOTE: all units in Ibs, sec, in.

Three Failure Surfaces
WSMR-5 3/4

Single Element Tensile Test
WSMR-5 3/4 Cote (-6.n)

100000.0

80000.0

60000.0

40000.0

I-fm

20000.0

0.0 000000.0 200000000 3000000.0 4000000
Fr.eure (pi)

a) b)
Uniaxial Unconfined Compression Test

E Damage pressure

material

dsf - 20.
1.000 0.002 0.004 0.006 0.008 0.0/

Stran

c) d)

FIGURE 12. WSMR-5 3/4 concrete properties: a) plot of compressive meridians; b) single element
uniaxial tensile test with and without rate dependence (tensile strength = 464 psi); c) description of
unconfined uniaxial compressive test and plot of damage parameter 5 after compressive failure; d)
stress-strain plot of UUC test with and without rate dependence (compressive strength = 6500 psi).

TABLE 6. DYNA3D input for SAC5 concrete: mesh size (6 x 6 x 6 in. cube)

COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN
CARDS 1 2 3 4 5 6 7 8

3 1.900E-01 3.625E+02 2.192E+03 4.910E-01 1.246E-05 1.400E+00 O.OOOE+00 4.417E-01

4 s=O or 100 2.OOOE+00 O.OOOE+00 volumetric O.OOOE+00 load curve O.OOOE+00 O.OOOE+00
strain at giving rate
failure sensitivity

5 O.OOOE+00 1.500E-04 2.800E-04 1.200E-03 0.100E+00 0.200E+00 0.300E+O0 0.400E+00

6 5.OO0E-0I 6.OOOE-0I 7.OOOE-01 8.OOOE-01 9.OOOE-01 0.400E+00 1.560E+03 7.414E-01

7 O0O00E+00 1.000E+00 2.400E-01 O.OOOE+00 O.OOOE+00 O.OOOE+00 O.OOOE+00 O.OOOE+00

8 O.OOOE+00 O.OOOE+00 O.OOOE+00 O.OOOE+00 0.OOCE+00 1.500E+00 1.797E-05 3.569E-05
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NOTE: all units in lbs, sec, in.
Single Element Tensile Test Three Failure Surfaces

SACS C (-6mn) SACS
1400.0 10000n.

1200.0 dynamic increase factor = 1
dynamic incr.a.. factr = 2
dynamic. increase fadeoor 3 nenen.

1000000

4O0.0OOO.

200.0

0o 0 .0 .002 0.003 0.004 0.005 °°0!0 1000.0 20D0oo0.0 3000000.0 400Do00.0
Pernt (p

a) b)

Uniexial Unconfined Compression Test
n Dm.egs pressure SACS saw

dynamic. Increase factr =1

rigid dynamic increse factor =1.6

matefri• 8ooo0

4O00.O

20.0

dsf = 20 -2D.

000o 0.02 O 4 oiZ o8i 0.010Stran
c) d)

FIGURE 13. SAC5 concrete properties: a) plot of compressive meridians; b) single element
uniaxial tensile test with and without rate dependence (tensile strength = 363 psi); c) description of
unconfined uniaxial compressive test and plot of damage parameter 8 after compressive failure; d)
stress-strain plot of UUC test with and without rate dependence (compressive strength = 5500 psi).

3.3 Scaling of Existing Data

A disadvantage to using this particular material model is the large amount of data that is
required for one type of concrete. Therefore, it is useful to discuss briefly the methods
required to scale the known data, such as the data given for WSMR-5 3/4 concrete and
SAC5 concrete, so that it can be used for a different material [Ref 3]. The user input that
requires scaling are the failure surfaces and the equation of state.

The following steps are used to scale the failure surfaces:

1. If fc wis the unconfined compression strength of the new material to be modeled, and
fscel is the unconfined compression strength of a previous modeled concrete material,

then a ratio, r, may be calculated as
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r =- (EQ 41)
f Cold

2. New coefficients for the failure surfaces may be calculated by

aon = aor

aln= al (EQ 42)

a2= a 2 /r

where the subscript n represents the new material's coefficients.

The equation of state needs modification to both the input pressures and input bulk mod-
uli. The new pressures and moduli may be calculated by the two following relationships:

Pnew = Poldifr (EQ 43)

Knew = Koldvr (EQ 44)

These relationships stem from the fact that the bulk modulus is calculated by

K E (EQ 45)
3(1 -2,u)

where the modulus of elasticity, E, is related to the unconfinced concrete compressive
strength by

E = 57000ý, . (EQ 46)

Please note that the empirical relationship for E requires that the units be in (lbs, sec, in).
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Linking Theoty and Practice

Summary of Ex-Vessel Steam Explosion Analysis

Background

Analyses are performed to determine the capacity of the ESBWR pedestal wall subjected to an
impulsive pressure load generated by a "steam explosion" as a result of core melt material falling
from the reactor pressure vessel (PRV) into a pool of sub-cooled water in the lower dry well.
The impulsive pressure load is characterized by a triangular shaped time history having a rise
time of 0.2 ms to reach the peak pressure and then a linear decay back to zero pressure at 3 ms.
The objective is then to find the magnitude of this peak pressure at which the pedestal wall, as
the containment boundary for this severe accident, suffers structural failure. Structural failure
here is defined as sufficient structural damage resulting in a breach of this containment
boundary.

Modeling

Explicit dynamics analyses are performed using the ANACAP concrete constitutive model
coupled to the ABAQUS/Explicit finite element software. The modeling is summarized and
illustrated in Figure 1. A 1/8 symmetric model that includes an equipment hatch penetration is
used. The full height of the pedestal wall is included along with modeling for stubs of the
basemat and the suppression pool floor slab. The liner is modeled as "glued" to the concrete
surface without including modeling for the anchorage system. The concrete elements are
modeled with 8-node brick elements with reduced integration (one integration point per
element). Plate bending elements are used for the liner and the steel components of the
equipment hatch. All reinforcement shown in the figure is included as truss-like steel elements
embedded within the concrete elements.

The pressure pulse is assumed to occur over a height of 2.6 m from the top of the basemat as
representative of the depth of the water pool in the bottom of the lower drywell. The pressure
time history is applied uniformly over this height and around the circumference of the inner
surface of the pedestal wall. The BiMAC device and associated cover concrete is ignored.

Best estimate or expected values for material properties are employed. For example, the
expected median strength of the concrete that will be delivered during construction to meet the
minimum design strength at 28 days is used. The concrete material also includes a 25% increase
in the compressive stress to account for high strain rate loading effects. However, no increase in
the strength or stiffness due to aging of the concrete past 28 days is included. Likewise, the
expected value of yield stress and ultimate strength of the steel material will exceed the specified
design values. No increase for dynamic loading in the best estimate steel properties is included.
The material properties used in these analyses are summarized in Table 1.
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Table 1. Summary of Material Properties

Material and Property Units Value

RCCV Concrete (5 ksi)
Compressive Strength MPa 54.75
Strain at Peak Comp % .19
Elastic Modulus MPa 35026
Tensile Strength MPa 4.67
Fracture Strain (xE-6) -- 133.2

Poisson's Ratio -- .22
Basemat Concrete (4 ksi)

Compressive Strength MPa 43.80
Strain at Peak Comp % .19
Elastic Modulus MPa 31328
Tensile Strength MPa 4.02
Fracture Strain (xE-6) -- 128.3

Poisson's Ratio -- .22
A615 Grade 60 Rebar

Elastic Modulus GPa 203.4
Poisson's Ratio -- 0.289

Yield Stress MPa 473.1
Tensile Strength MPa 724.1
Elongation % 12.5

SA516 Grade 70
Elastic Modulus GPa 203.4
Poisson's Ratio -- 0.289
Yield Stress MPa 335.3
Tensile Strength MPa 531.3
Elongation % 20.3

Analysis Results

A series of deterministic analyses were conducted, based on a 3ms pulse duration, for a range of
increasing pressure impulses, namely 75 KPa-sec (50 MPa peak pressure), 100 KPa-sec (66.67
MPa peak pressure), 125 KPa-sec (83.33 MPa peak pressure), 150 KPa-sec (100 MPa peak
pressure), and 175 KPa-sec (116.67 MPa peak pressure). Figure 2 is a contour plot of the
minimum principal stress in the concrete elements at 2 ms for the 125 KPa-sec case. This
illustrates the distribution of compressive stress in the concrete and shows the compressive arch
action through the wall as the load resisting mechanism. The concrete just reaches its
compressive strength on the inner face around 2 ms, but the compressive struts continue to have
sufficient strength. Figure 3 plots contours for the maximum principal strain in the concrete at 3
ms for this case. The contour limits have been set to illustrate the areas where cracking damage
has occurred. This plot shows significant cracking along a shear plane at the bottom of the wall.
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Shear failure at the wall-basemat connection is identified as the most likely failure mode for the
pedestal wall. This evaluation is based on previous experience with structural shear failures in
R/C structures, and in particular, with previous research in which a shear failure criteria was
developed in conjunction with the ANACAP-U software (see James and Rashid, 6 th European
Conference on Structural Dynamics, Paris, 2005, and James et. al., NUREG/CR-6639 and
NUREG/CR-6707). This shear failure criterion is a structural criterion, which states that
structural shear failure is expected to occur if the shear strain acting on a cracked plane across a
wall attains a value of 0.55% or higher. Figure 4 is a contour plot of shear strain in the concrete
at 3 ms for the 125 KPa-sec Case. Here the contour limits are set to identify this level of shear
strain that is indicative of impending section shear failure. The contour-plotting algorithm
extrapolates values to the nodes and thus can overstate the extent in the plot. A detailed
examination of the section shows that the critical level of shear strain does not quite penetrate the
complete section for the 125 KPa-sec impulse. However at this level of pressure impulse, there
is some chance of a structural failure due to the loss of shear capacity across the section.

Figure 5 plots contours of the accumulated plastic strain in the liner at 3 ms for this load
condition. A peak plastic strain of 1.1% has developed along the connection of the wall with the
basemat. Figures 6, 7, and 8 plot histories of rebar stress and strain for representative locations
of hoop, axial, and tie bars, respectively. There is some yielding of hoop and tie bars, but the
peak strains are less than .8% indicating that rupture of the rebars is not likely for this loading
level. Accounting for strain concentrations at discrete cracks in the concrete, the value of
calculated rebar strain needed for rebar rupture is 5%. It is concluded that the pedestal wall will
suffer a shear failure and tearing of the liner at the wall-basemat connection as the failure
mechanism for this loading. Based on the median value of the section shear strain limit
considered and extrapolating for the complete section shear extent, the median value of the
pressure impulse having a 50% probability of failure is determined to be 135 KPa-sec for the 3
ms pulse duration considered.

Similar engineering evaluations of the other analysis results indicate that the pedestal wall will
survive the 75 KPa-sec impulse with a very low probability of failure. The chance of surviving
the 100 KPa-sec load is considered to be around 95%. Similarly, pressure impulses above 150
KPa-sec have a very high probability of causing the shear failure described.

Summary

These analyses indicate that the capacity of the pedestal wall for containing a steam explosion is
limited by the section shear capacity of the wall at the connection with the basemat. A shear
plane develops across the wall spanning from the inside surface at the basemat connection to the
outside surface at the basemat connection. There is a drop of 1.1 m in the elevation of the
basemat across the pedestal wall. A shear plane from the top of the loaded area extending across
the wall and upward to the elevation of the bottom of the penetration also develops. These
planes develop under compressive arch action within the wall as the resisting load path, and
extensive cracking leads to a loss of section shear capacity. The analyses indicate that a shear
failure in the concrete along the lower plane will develop before rupture of the rebars. This
failure will result in shear deformations along this lower plane causing sufficient tearing of the
attached liner for a breach in the containment system. Note that this is not a catastrophic failure
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of the pedestal wall. The #18 axial reinforcing bars would remain intact, but a large crack
through the wall will occur along with some offset displacement along the shear plane.

While a true probabilistic based analysis for uncertainties was not performed, the fragility or
probability of failure, as a function of the applied pressure impulse is developed based on
experience and engineering judgment of the analysis results. By considering the concrete shear
strain limit as the median value of the controlling failure mechanism, the median value of the
pressure impulse causing the described containment breach can be established. The failure
pressure impulse is then characterized using a lognormal probability density function (PDF)
defined as

P j (P ) I e x [ ln p _P 2

where p is the failure pressure impulse, p is the mean value of the natural log of the failure
pressure impulse, and 8 is the standard deviation of the natural log of the failure pressure
impulse. The cumulative probability of failure (fragility) is the integral of the above PDF, and ,8
can be derived by fitting the cumulative probability of failure to the median and 95% confidence
values. It is found that a value of .174 for /3and 4.89 for p provides a good correlation with the
results of the analyses. The so defined fragility for increasing levels of the pressure impulse is
plotted in Figure 9. The median or expected value of the pressure impulse over a 3 ms duration
that will cause a breach in the pedestal wall containment boundary is 135 KPa-sec. For a 100
KPa-sec pressure impulse, there is 95% confidence that a breach will not occur. At 177 KPa-sec,
there is 95% confidence that a breach will occur.
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Figure 1. Illustration of Modeling for Ex-Vessel Steam Explosion
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Hoop Rebar Stress at RCCV Near Hatch
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Figure 6. Representative Hoop Rebar Performance, 125 KPa-sec
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Vertical Rebar Stress at RCCV Bottom Surface
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Figure 7. Representative Axial Rebar Performance, 125 KPa-sec
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Impact of High Velocity Objects into Concrete Structures - Methodology and
Application

R. J. James, L. Zhang and Y. R. Rashid
ANATECH Corp., San Diego, CA

Abstract

Lifeline safety structure, such as, for example, concrete dams, nuclear power plants,
and highway bridges, are designed to high levels of safety using traditionally
conservative methods. Events of recent years, however, have raised public concerns
about the degree of vulnerability of these structures to deliberate attacks involving large-
airplane crash or close-proximity blast loading. This paper presents recent development
in the state of the art of finite-element-based constitutive modeling and computational
methodology of reinforced concrete with emphasis on severe damage modeling and
failure evaluation. Verification and validation of the developed methodology is illustrated
using high-velocity impact tests conducted in the U.S. and Japan. This involves xplicit
finite element computations for high velocity rigid missiles impacting reinforced concrete
walls. Application of the methodology to nuclear fuel facilities is discussed.

Introduction

Many critical structures at nuclear facilities are constructed of reinforced concrete, which
present analytical challenges for accurately simulating the structural resistance to
aircraft attacks. The extensive research and experimental testing in the 1970's and
1980's developed good design basis formulas for sizing reinforced concrete to resist
scabbing and perforation from missile impacts in the nuclear industry. These empirical
based formulas were constructed from scaled testing of rigid and deformable missiles
impacting flat, reinforced concrete slabs. This research was concerned primarily with
missiles generated from tornados, turbine blade failures, high pressure piping breaks,
and other high speed objects. Some research was also aimed at impacts from military
jet aircraft involving accidental crashes at plants sited near military bases. The
developed design formulas for sizing R/C walls to prevent scabbing or perforation are
thus limited by the size and shape of the impacting missiles, the angle and speed of
impacts, and the geometry and construction details of the targets. While they provide a
good estimate for which structural configurations may be vulnerable to impact damage,
they do not allow detailed assessment of damage and the corresponding safety
consequences. With the advancement in computer hardware and software tools,
detailed analysis of structural performance for reinforced and pre-stressed concrete
structures of various kinds subjected to heavy missile impacts is now possible. The
most critical ingredient in this analysisis the constitutive model for reinforced concrete,
which must be highly detailed in its representation of material behavior and numerically
robust to permit the calculation of severe damage. This paper is aimed at



demonstrating the effectiveness of such a constitutive model for use in detailed
structural evaluations of missile impacts on reinforced concrete structures.

Reinforced Concrete Modeling

The ANACAP concrete and steel constitutive models are employed for this work [1,2].
These models have been extensively verified against test data for scale model tests of
reinforced and pre-stressed containment models that are tested to structural failure [3,
4, 5, 6]. For this work, the constitutive models are recast for use with explicit dynamic
formulations with coupling to the ABAQUS/Explicit [7] finite element program. The
behavior of concrete is highly nonlinear with small tensile strengths, shear stiffness and
strength that depend on crack widths, and compressive capacity degradation after the
compressive strength is reached. Cyclic loading induces opening and closing of cracks
and can lead to further degradation of properties. Modeling of concrete material,
especially under conditions where extensive damage can develop, requires advanced
and detailed constitutive models.

In the ANACAP concrete models, cracking is mathematically treated at the element
integration points using an approach that is called the smeared cracking model [2]. If
cracking occurs, the normal stress across the crack is reduced and the distribution of
stresses around the crack is recalculated. Cracks are assumed to form perpendicular to
the directions of largest tensile strains, which exceed the cracking criterion. Multiple
cracks are allowed to form, but they are constrained to be mutually orthogonal. Once a
crack forms, the normal stress across the crack is reduced according to a "tension-
stiffening" algorithm. The shear stiffness and stress is also reduced upon cracking and
further decays as the crack opens. Once a crack forms, the direction of the crack
remains fixed and can never heal. However, a crack can close, resist compression, and
re-open under load reversals.

The concrete model allows cracking to develop in three directions at any material point
as dictated by the state of stress and strain. This allows stress redistribution and load
transfer to reinforcement or other load paths in the structure. The cracking criterion,
illustrated in Figure 1, forms a crack when the generalized stress and strain state
normal to the crack exceeds the -45' criterion line. Thus, cracking of biaxial and triaxial
stress states are treated consistently with uniaxial cracking, but they occur at a slightly
higher stress and slightly lower strain. Split cracking occurs at approximately zero
stress and a tensile strain approximately twice that of uniaxial tensile cracking. This
agrees well with the observed behavior of concrete test specimens.
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Figure 1. ANACAP Cracking Interaction Curve

The surfaces of cracks that develop due to excess tensile stress in concrete are usually
rough and irregular. When a shear force is applied along a crack, both tangential shear
sliding and normal displacements result. When the normal displacement is restrained
by rebars crossing the crack, tensile stresses will develop in the reinforcement, which
will then induce compressive stresses across the crack. The resistance to sliding is
provided by the frictional force generated by the compressive stress across the crack.
This mechanism of shear transfer in cracked concrete is called "interface shear transfer"
[8,9]. The initial crack width is the primary variable affecting this mechanism. Smaller
crack widths correspond to greater shear stiffness and strength. Aggregate size,
reinforcement size and ratio, and concrete strength are other important factors. In order
to take the shear stiffness of concrete into account in the modeling, a reduced shear
modulus is retained in the stress-strain matrix [10,11]. AI-Mahaidi[12] suggests a
hyperbolic variation of the shear modulus with the strain normal to the crack, and a
variation of this is used in the ANACAP concrete model.

There is sometimes concern about the buildup of shear stress across open cracks in
excess of the actual ability of cracked concrete to resist such stresses. The ANACAP
model is equipped with a shear shedding feature to limit the buildup of shear stress
across an open crack. The shear retention model reduces the incremental shear
modulus across an open crack as discussed earlier. The shear shedding model
reduces the shear stresses across an open crack as the crack continues to open. Since
cracks form in the principal strain directions there is, in general, no shear across a crack
when it first opens. Figure 2 illustrates the behavior of the model with and without shear
shedding.



The ANACAP concrete model parameters have been quantified using available material
properties data [13,14,15,16]. Typical stress-strain curves for concrete under
monotonic (unconfined) uniaxial compression show linear behavior up to about 50% of
its uniaxial compressive strength. For stresses above this level, the material exhibits
strain hardening until it reaches its ultimate strength. When the compressive strains are
increased further, damage due to crushing continues to accumulate, thus causing rapid
strain softening. Confined concrete exhibits considerably more strength and ductility.
Figure 3 shows the strain hardening and softening behavior of the model for unconfined
uniaxial loading.
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Figure 2. Effect of Shear Shedding
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Figure 4. Behavior of Unconfined Concrete in Uniaxial Compression

Application to Tests

This software and the associated modeling, such as mesh refinement, is verified and
benchmarked against test data found in the literature for impact of steel missiles on
reinforced concrete slabs [17]. This test program impacted hard steel missiles of
various weights and impact velocities against reinforced concrete slabs. A range of
impulse loads were evaluated with test results ranging from slight damage having some
cracking on the impact side, to moderate damage with some penetration of the missile
and scabbing of concrete on the back side, to full perforation of the missile through the
slab. Figure 5 summarizes some of the test data for a 40 cm thick slab and also
illustrates 2 levels of damage from these tests. The illustration on the left shows
scabbing on the backside but no perforation by the missile, while the illustration on the
right shows scabbing on the backside and the hole where the missile perforated the
slab. Figures 6 and 7 show results for simulations for two of these tests using the 40
cm thick slab and the 100 kg weight missile. Figure 6 illustrates the analysis results for
the case of an impact velocity of 100 m/s and shows the calculated scabbing on the
backside and that the missile is stopped without perforating the slab. Figure 7 illustrates



the analysis results for the case of an impact velocity of 200 m/s and clearly predicts
perforation of the slab by the missile with an exit velocity of 80 m/s, which is also
verified by the test data. These test problems serve as verification that the software and
the associated modeling, material data, and failure criteria provide good simulations for
the impact problem under consideration.
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Figure 5. Test Data for Rigid Missile Impact on Reinforced Concrete Slab
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This effort is concerned primarily with evaluation of damage from impact by modern
turbofan engines typical of large commercial aircraft. Since details about the
construction and materials of the engine are not available, a method for developing a
model that will simulate the crushing and deformation characteristics of the impacting
engine is needed without constructing a detailed model of the actual engine
components. While significant testing for small, hard missile impacts on concrete slabs
similar to the above have been performed to investigate the effects of tornado
generated missiles, piping breaks, and turbine blade failures, very little data is available
for aircraft engines, especially turbofan engines, impacting on concrete walls. Some of
the more relevant test data, developed by Muto, et al [18], considered an actual aircraft
engine and a variety of scale model tests including missiles designed to simulate aircraft
engines. One objective of this test program was to develop a reduction factor for
deformable missiles on design formulas that were developed based on hard missile

\



tests. The study concluded that the reduction factors of .65 for perforation and .60 for
scabbing on design formulas were appropriate to account for energy absorbed by the
deformable missile. Similar reduction factors were developed by Sugano [19] and
summarized in the DOE Standard [20]. Another objective of the Muto test program was
to develop a simplified missile geometry that would simulate the crushing characteristics
of the actual engine but could be easily reproduced and scaled so that a wide range of
impact conditions could be studied without the high cost of using actual engines on full-
scale targets. Here the study concluded that using a thin shell cylinder of steel with
thick end caps and an internal diaphragm plate as the test missile provided a good
simulation of the damage from impact by the actual aircraft engine. While this test data
considered a military jet engine, a test of a turbofan engine [21] showed that the
crushing characteristics of the engine casings were very similar. The main difference is
that the turbofan engine has a small-diameter, thick-walled tubular shaft, which
penetrates farther into the concrete wall. However, some of the disks attached to the
turbofan shaft appear to lock the shaft into the crushed casing so that the shaft does not
perforate and exit the wall as an independent missile. This information from the
described test data was used as a basis for constructing a simplified model of the
engine for use in these calculations.

Summary and Conclusions

A methodology for structural evaluation of reinforced concrete structures subjected to
missile impact is presented. The methodology is based on advanced concrete and
steel constitutive modeling coupled to explicit finite element analysis engines. The
software is benchmarked against experimental test data for rigid and deformable
missiles impacting reinforced concrete slabs for a variety of impulse loads. The
methodology has been utilized in evaluating aircraft engine crash into nuclear fuel
storage facilities. The results showed partial collapse of the aircraft engine and severe
concrete crushing in the fuel storage system, but no tearing in the steel shell part of the
structure, and consequently no nuclear fuel exposure to the environment.
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